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ABSTRACT 
The objective of this thesis was to develop and evaluate optical imaging 
probes for mapping oxygenation and haemodynamic changes in the newborn 
infant brain. Two imaging approaches are being developed at University 
College London (UCL): optical topography (surface mapping of the cortex) 
and optical tomography (volume imaging). Both have the potential to provide 
information about the function of the normal brain and about a variety of 
neurophysiological abnormalities. Both techniques require an array of optical 
fibres/fibre bundles to be held in contact with the head, for periods of time 
from tens of seconds to an hour or more. The design of suitable probes must 
ensure the comfort and safety of the subject, and provide measurements 
minimally sensitive to external sources of light and patient motion. 
A series of prototype adaptable helmets were developed for optical 
tomography of the premature infant brain using the UCL 32-channel time-
resolved system. They were required to attach 32 optical fibre bundles over 
the infant scalp, and were designed to accommodate infants with a variety of 
head shapes and sizes, aged between 24-weeks gestational age and term. 
Continual improvements to the helmet design were introduced following the 
evaluation of each prototype on infants in the hospital. Data were ŠȘŰẀÙŲŸTĚto 
generate images revealing the concentration and oxygenation of blood in the 
brain, and the response of the brain to sensory stimulation. This part of the 
project also involved designing and testing new methods of acquiring 
calibration data using reference phantoms. 
The second focus of the project was the development of probes for use with 
the UCL frequency-multiplexed near-infrared topography system. This is being 
used to image functional activation in the infant cortex. A series of probes 
were developed and experiments were conducted to evaluate their sensitivity 
to patient motion and to compression of the probe. The probes have been 
used for a variety of functional activation studies. 
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1.1 Motivation 
Brain imaging systems have traditionally been used to identify and delineate 
the morphology of abnormalities. More recently functional imaging methods 
have become popular which take advantage of the fact that regional blood 
flow and haemoglobin oxygen saturation changes occur in response to neural 
and electrical activation such as that caused by movement, sensing or 
thinking. However, efforts to use techniques such as Single Photon Emission 
Computed Tomography (SPECT), Positron Emission Tomography (PET) and 
functional Magnetic Resonance Imaging (fMRI) routinely in critically ill patients 
have proven difficult. Although successful in many cases, and potentially of 
use in the future to direct therapeutic interventions and provide prognostic 
information, these modalities are not feasible in many situations due to the 
problems and hazards of moving patients, especially newborn infants, from 
the intensive care unit, and the hazards of ionising radiation for SPECT and 
PET. Thus, a continuous functional imaging method suitable for use at the 
bedside could be really beneficial (Meek, 2002), (Hintz et aI, 2001), (Isobe et 
aI, 2001). 
Optical imaging is a developing field that has the potential to provide 
considerable insights into the mechanisms of damage in the neonatal brain as 
well as into the functional development of both the normal and abnormal 
brain. 
The vulnerability of infants (particularly if they are undergoing intensive care) 
and the inability of them to actively co-operate with the evoked studies (Le. 
they will not remain motionless or perform tasks on request) represent a 
unique challenge, which also can potentially be addressed by optical imaging. 
Optical techniques can be used on extremely fragile infants, because firstly, 
the radiation used is non-ionizing, and therefore patients can be exposed 
repeatedly without the harm associated with an accumulated dose, such as X-
rays. Secondly, optical methods offer the potential to differentiate between 
soft tissues (e.g. grey and white matter), due to their different absorption or 
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scattering properties at NIR wavelengths (650 - 1000 nm). Thirdly, the 
specific absorption of natural chromophores (such as haemoglobin) allows 
functional information to be obtained (Hebden et aI, 1997). In addition, its use 
rarely presents ethical dilemmas, and sedation of the subjects is not generally 
necessary (Meek, 2002). 
New methods of imaging the oxygenation and haemodynamics of the 
newborn infant brain are being developed based on near-infrared light. The 
imaging techniques known as optical topography and optical tomography 
have the potential to provide information about the function of the normal 
brain, and about a variety of cerebral pathologies. The former provides a 
distinction between tissues based on their optical properties obtained from 
measurements of reflected light and is more appropriate to surface mapping 
of the cortex. The latter provides volume images using measurements of 
transmitted light (Hebden, 2003). Both exploit the differences between the 
absorption spectra of oxy-haemoglobin and deoXy-haemoglobin at near 
infrared wavelengths, and offer a means of monitoring brain oxygenation 
safely in an intensive care environment without interference with the normal 
handling of the infant. 
1.2 The UCL Systems 
A 32-channel time-resolved system has been developed at UCL (1996) for 3D 
optical imaging of the newborn infant brain (Schmidt et aI, 2000). Picosecond. 
pulses from a dual-wavelength fibre laser are delivered to the head surface 
via single optical fibers integrated within larger fibre bundles which transport 
the transmitted light to photon-counting detectors. Acquiring measurements 
therefore requires coupling up to 32 fibre bundles to the scalp of the infant. 
For the initial studies performed with the system, this was achieved using 
helmets custom-made for each infant. However, customised helmets are time-
consuming to construct (6-10 hours), and have been designed for specific 
babies. Therefore an adjustable helmet has been developed to overcome 
such limitations. 
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The UCL optical topography system currently consists of 16 laser diode 
sources (eight at 785 nm and eight at 850 nm) and eight avalanche 
photodiode detectors. Each source is modulated at a different frequency in 
parallel, and the detected signals are demultiplexed in software in real-time 
using a Fourier transform. This novel approach provides flexibility in the 
positioning of the sources and detectors, and different arrangements can be 
accommodated with only minor adjustments to the control software. Probes 
have been developed for studies of cortical activation in newborn infants 
(Blasi et aI, 2006), (Branco et aI, 2006), (Everdell et aI, 2005). 
1.3 The Objectives 
Tomographic and Topographic imaging approaches require an array of optical 
fibres/fibre bundles to be held in contact with the infant head, for periods of 
time from a few tens of seconds for some functional studies to an hour or 
more for repeated tomography measurements. The design of suitable probes 
must ensure the comfort and safety of the infant, and provide measurements 
which are minimally sensitive to head movement and the presence of hair 
beneath the probe. Probes must also exclude ambient light, and prevent light 
leaking between source and detector fibers around the surface of head. 
The principal objectives of this research are to: 
I. Design, construct, and evaluate the performance of head probes for 
performing optical tomography and topography of the newborn brain 
using the two UCL systems; 
II. Develop practical means of acquiring both functional and static images 
of the infant brain and corresponding measurements; 
III. Investigate the main causes of data error and develop means of 
minimising them. 
1.4 Structure of this Thesis 
This thesis presents a brief description of existing brain imaging modalities: 
the new methods of imaging the oxygenation and haemodynamics of the 
Chapter 1. Introduction 5 
newborn infant brain and their potential for providing valuable functional and 
physiological information and the main objectives of this research project. 
Chapter 2 describes the basic anatomy and surrounding structures, and the 
main absorbers of NIR light in the human brain. The modelling of light 
propagation through these structures also is covered. The final section in this 
chapter describes birth injuries and a brief introduction to the use of near 
infrared spectroscopy as a potential tool to continuously monitor cerebral 
functions in the infant brain. 
Chapter 3 briefly emphasizes the physical principles and intrinsic limitations of 
methodologies of brain imaging before proceeding to a discussion of optical 
imaging techniques, known as optical topography (surface mapping of the 
cerebral cortex) and optical tomography (volume imaging), and their 
associated instrumentation. 
Chapter 4 focuses on the UCL systems with a brief description of the principal 
elements/components of each instrument and the usual data treatment and 
image reconstruction process. 
Chapter 5 describes the development, manufacture & performance of helmets 
developed for optical tomographic imaging of the infant brain. It also presents 
results on a range of infants at rest, during functional stimulation (auditory and 
language stimuli). 
Chapter 6 describes the development, manufacture & performance of probes 
developed for optical topographic imaging of the cortical regions of infant brain 
at rest and during functional stimulation. 
Chapter 7 presents a discussion of the results acquired using both probes 
developed for this project, and concludes this thesis with suggestions for 
future work. 
Chapter 2 
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2.1 Introduction 
The application of lasers and other optical technology to problems in 
biomedicine is a rapidly growing field. These applications can be classified as 
either therapeutic or diagnostic. In therapeutic applications, the transformation 
of light energy into chemical, thermal or mechanical energy, via light 
absorption, can cause a direct and selective cell death (Niemz, 1999). In this 
project the fluence rates are chosen to be sufficiently small, thus these effects 
can be ignored. The light-tissue interactions in the diagnostic approach must 
by contrast be non-destructive and the main goal is to study the physiology or 
pathology of the tissue. There are a variety of potential optical methods to 
evaluate the light-tissue interactions, such as diffuse reflection spectroscopy 
and time resolved transmittance among others. 
The fundamental optical characteristics that are exploited for diagnostic 
information are absorption and scattering (elastic and inelastic) in the 
wavelength region of 600 - 1000nm (near-infrared, NIR range) where tissue 
scattering predominates over absorption. This research project concerns the 
use of sources in the near-infrared range only. 
2.2 Optical properties 
Photon propagation in biological tissue is characterised by the basic optical 
properties of absorption, scattering, and refractive index. These properties 
govern the numbers of photons that are transmitted between points on the 
surface of tissue. 
2.2.1 Refractive Index 
The simplest of the optical properties of tissues is the refractive index n, which 
determines the speed of light in the medium. Changes in the refractive index, 
either continuous or abrupt (at boundaries), give rise to scattering, refraction 
and reflection. Refraction usually occurs when light is incident at the boundary 
between two media of different indices of refraction (Figure 2.1), 
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Figure 2.1 Refraction of light between two media with different refractive index (n1<n2). 
and is governing by Snell's law. It states that: 
v1·sin(B1) = v2·sin(B2 ) [2.1 ] 
8 
where (Jt is the angle of incidence, fh is the angle of refraction (to the normal 
of the interface), and V1 and V2 are the speeds of light in the media, and are 
related to the refractive index of each media (n = Cvacuu'/V). Since tissues are 
heterogeneous in composition, one may need to know the refractive indices 
for the various tissue constituents or an averaged value for the tissue as a 
whole. The overall refractive index is considered to be around 1.4 for most 
tissue types (Oelpy et aI, 1988). 
2.2.2 Absorption 
The transmitted light intensity /rd) across a homogeneous and non-scattering 
medium of thickness d, which is illuminated by a collimated beam of light of 
intensity 10 at the wavelength A will be given by: 
[2.2] 
Jia 
10 
d 
Figure 2.2 Attenuation of light through a non-scattering medium. 
where Jla is the absorption coefficient of medium [mm-1] for a given 
wavelength A, and it represents a probability per unit length of a photon being 
absorbed. 
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Other parameters are also defined from the ratio of the transmitted to incident 
intensity, such as the Transmittance T, which is usually what a spectroscopic 
instrument measures: 
[2.3] 
and Absorbance A (representing the loss in light intensity), which is usually 
measured in units of optical density (00), and is given by equation [2.4]. 
A = log1 0 (Yr)= IOg1o(XdJ = k.d [2.4] 
An equivalent absorbance relationship was developed by Beer in 1852 
(equation [2.5]). It states that for an absorbing compound dissolved in a non-
absorbing medium, the attenuation is proportional to the concentration of the 
compound in the solution ([el, [molar]), the specific extinction coefficient of the 
compound (&, [mola(1.mm-1]) and distance between the points where the light 
enters and leaves the solution (the optical path length d). 
[2.5] 
The equation [2.5] can be extended if the solution contains several different 
absorbing compounds, considering the contributions of each compound (for 
instance, components of blood like oxy and deoxy- haemoglobin, water, etc): 
A( A) = G1( A).[C1J.d + G2( A).[C2J.d + ... Gn ( A).[CnJ.d = [2.6] 
= L Gn( A).[Cn].d 
n 
Rewriting the equation [2.6] using the natural logarithm base yields: 
log .(I(io) = a,( A. j.[ C,].d + a,( A. j.[C2 ].d + ... an( A. j.[Cn].d 
= L an( A).[Cn].d 
n 
[2.7] 
where a is the specific absorption coefficient of the compound 
([mola(1.mm-1]). This differs from the specific extinction coefficient (c) by a 
scaling factor equal to loge (1 0). 
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2.2.3 Scattering 
Scattering is a physical process by which light interacts with matter to change 
its direction, so if the medium is scattering, the path taken by the photons are 
no longer direct (see section 2.6.1). Light scattering in tissue depends upon 
many variables including the size of the scattering particle, the wavelength of 
the light and the variation of the refractive indices of the various tissue 
components, such as cell membranes and organelles. 
Ps 
10 
d 
Figure 2.3 Attenuation of light through a scattering medium. 
Elastic scattering (Le. no loss of energy) can still give rise to attenuation of a 
light beam by deflecting photons from their initial path. In the same manner as 
for absorption, the final non-scattered intensity component of light I(d) , 
transmitted through a medium of thickness d when illuminated by a source of 
intensity 10 is described by: 
I - I e(- Ils .d ) (d) - Q. [2.8] 
where Jls is the scattering coefficient of the medium [mm-1] for a given 
wavelength A, and represents a probability per unit of length of a photon being 
scattered. 
2.2.4 Anisotropy and the Coefficient of Anisotropy 9 
The practical effect of scattering and absorption by a particle upon a parallel 
beam of light propagating in one given direction is that the beam intensity in 
this direction is reduced. Light which is absorbed is dissipated as thermal 
energy, and light which is scattered keeps its intensity but travels in another 
direction (Cope, 1991). Therefore, it is convenient to describe the angular 
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distribution of scattered light by defining an angular probability function of a 
photon to be scattered by an angleB. If all scatter directions are equally 
probable, the scattering is isotropic. Otherwise, anisotropic scattering occurs. 
In elastic scattering, when a photon is scattered from its original direction (s) 
by a particle, it emerges in a new direction (s), as shown in Figure 2.4. The .. 
angular probability of this change in direction is given by the phase function 
p(s,s} over its domain (solid angle n of 4" steradians). 
INCIDENT 
PHOTON 
Figure 2A Elastic scattering event, based on (Vo-Dinh, 2003) (p2-7). 
For a random medium that is isotropic in terms of its physical properties 
(refractive index, density), it can be assumed that this probability is 
independent of direction s and only depends on the angle between the 
incident and scattered directionsB. Thus, the phase function can be expressed 
as a function of the scalar product of the unit vectors in the initial and final 
directions, which is equal to the cosine of the scattering angle B. 
p(s,s') = p(s.s') = p(cos(8)) [2.9] 
A measure of the anisotropy of scattering is given by the coefficient of 
anisotropy g, which represents the average value of the cosine of the 
scattering angle. This can be expressed as: 
1 
g = fcos((} ).p(cos((} )).d(cos((})) [2.10] 
-1 
The value of 9 approaching 1, 0, and -1 describe extremely forward, isotropic, 
and highly backward scattering respectively, and in biological tissue, 9 lies in 
the range 0.69 ŸĚ9 ŸĚ0.99 (Cheong et aI, 1990). 
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It is also convenient to express the characteristic scatter of tissue in terms of 
the transport scatter coefficient (fJs ,), which represents the effective equivalent 
number of isotropic scatters per unit of length, usually [mm-1], and is used in 
the diffusion theory of light propagation in random media. Thus, 
J.1.s' = J.1.s· (1- g) [2.11] 
Finally, the total transport attenuation coefficient (fJtota/) can be found: 
J.1.total_ transport = J.1.s '+ J.1.a = J.1.s· (1- g) + J.1.a [2.12] 
2.3 Absorption characteristics of the main chromophores in tissue 
The tissue compounds which absorb light in the spectral region of interest are 
known as chromophores. Each chromophore has its own particular absorption 
spectrum which describes the level of absorption at each wavelength. In the 
near-infrared range (NIR), known as the absorption window or therapeutic 
window, the major absorbing components in the soft tissues are water, 
oxyhaemoglobin and deoxyhaemoglobin. There are also minor contributions 
from other tissue chromophores, such as melanin, lipids, etc. The absorption 
spectra of some common chromophores are shown in figure 2.5. 
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Figure 2.5 The absorption spectra for the main chromophores found within tissue. 
At the shorter wavelength end, the window is bound by the absorption of 
haemoglobin (in both its oxygenated and deoxygenated forms). At the IR end 
of the window, penetration of light is limited by the absorption properties of 
water. Within the therapeutic window, scattering is dominant over absorption, 
and the propagation of light becomes diffuse (Niemz, 1999), (Elwell, 1995). 
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The concentration of water and melanin remains virtually constant with time 
(static absorbers). On the other hand, the concentrations of dynamic 
absorbers, such as oxygenated and deoxygenated haemoglobin (related with 
blood oxygenation), and cytochrome oxidase (an enzyme in the oxidative 
metabolic pathway that provides an indicator of tissue oxygenation and cell 
metabolism), provide clinically useful physiological information. However, the 
concentration of cytochrome oxidase in tissue is inferior when compared with 
haemoglobin (at least one order of magnitude below that of haemoglobin) 
(Elwell, 1995), (Cope and Delpy, 1988). 
2.3.1 Water 
The average water content of the neonatal brain is 90% (Cope, 1991) and in 
adult brain is about 80% of its weight (Woodard and White, 1986). Because of 
its high concentration in most biological tissue, water is considered to be one 
of the most important chromophores in tissue spectroscopy measurements. 
Nevertheless, for the purposes of most clinical measurements the water 
concentration in tissue can be thought of as constant, and as such water acts 
as a fixed constant absorber (Elwell, 1995). From figure 2.6, it can be seen 
that water has a low absorption over the NIR range (Pa = 0.0022 mm-1 at 
800 nm). Beyond 900 nm absorption rises sharply with increasing wavelength, 
with a spectral peak being visible at 970 nm and this sets an upper limit for 
spectroscopic or imaging measurements. 
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The Absorption spectrum for pure water at 37°C over the wavelength range 
from 650 -1050 nm (Matcher et aI, 1993). 
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2.3.2 Lipids (fat) 
The absorption spectrum of lipids is similar to that of water. However, its 
overall contribution to absorption is relatively small due to the low content of 
fat in the brain (about 5% of the total net weigh.t of a newborn infant's brain) 
(Cope, 1991). The lipids are considered a fixed constant absorber with 
concentration normally unchanging during clinical measurements and so the 
measurements of changes in attenuation are not affected (Elwell, 1995). 
Figure 2.7 shows the absorption spectrum of pure pork fat between 650 nm 
and 1000 nm, which is thought to be similar to that of human lipids in muscle 
tissue (Conway et aI, 1984). 
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Figure 2.7 Spectrum of pork fat in the NIR from 650 to 1000 nm (van Veen et aI, 2000). 
2.3.3 Haemoglobin 
The average composition by volume of blood is: 540/0 of plasma, 450/0 of red 
blood cells and 1 % of white blood cells and platelets in the normal adult 
(Marieb and Hoehn, 2006). Haemoglobin molecules, which can be found 
within the red blood cells, carry 97% of the oxygen in the blood, while 3% is 
dissolved in the plasma. Each haemoglobin molecule consists of the four 
haem groups (iron atom at the centre of its structure, which has certain 
paramagnetic properties, see section 3.6) bound to the protein globin (figure 
2.8) (Martini et aI, 1998). Haemoglobin has an important role in the transport 
and delivering of oxygen from the lungs to tissues (oxyhaemoglobin), and 
carrying carbon dioxide from the tissue (deoxyhaemoglobin) back to the lungs. 
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Figure 2.8 The structure of Haemoglobin, which consists of four globular protein subunits 
(a and (3 chains), and each subunit contains a single molecule of haem, a 
porphyrins ring surrounding a single ion of iron, (Martini et aI, 1998) (p630). 
The amount of haemoglobin in the blood determines how much oxygen the 
red blood cells are capable of carrying to other cells. The normal ranges for 
haemoglobin concentrations are (which change according age and sex) 14 to 
20 grams per decilitre in infants, 13 to 18 g/dL in adult males, and '12 to 
16 g/dL in adult females (Marieb and Hoehn, 2006). Haemoglobin molecules 
(Hb) in the red blood cells are responsible for almost all of the absorption of 
light by blood. However, the absorption spectrum of haemoglobin (figure 2.9) 
changes when oxygenation/de-oxygenation occurs. Oxygenated haemoglobin 
is a strong absorber up to 600 nm (sets a lower limit for spectroscopic or 
imaging measurements); then its absorption drops off very sharply and 
remains low. The absorption of deoxygenated haemoglobin, however, does 
not drop sharply; it stays relatively high, although it decreases with increasing 
wavelengths. The two absorption spectra cross around 800 nm (the isosbestic 
point, aHb02 = aHb). 
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Figure 2.9 Specific absorption coefficients (a) of the states of haemoglobin (Cope, 1991). 
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In addition, foetal haemoglobin (HbF) has higher affinity to oxygen than adult 
haemoglobin (HbA). This facilitates the uptake of oxygen by the foetus from 
the mother's blood by placenta. The visible absorption spectra of HbF and 
HbA are slightly different but they are virtually identical in the NIR range 
(figure 2.10). Zijlstra et al (1991) studied these differences and determined the 
specific extinction coefficients (&) for enriched and reduced states of HbF and 
HbA in the range of 450-1000 nm. He showed in his calculations of blood 
oxygen saturation (S02) that a method based on 2 wavelengths, such as 
pulse oximetry (660/940 nm), can result in an underestimation of S02 if HbF 
instead of HbA is being measured. However, the studies of Wickramasinghe 
et al (1993) have shown that adult Hb can be assumed for infants without 
introducing a significant error. 
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Figure 2.10 Spectra of adult and foetal absorption curve (Zijlstra et ai, 1991). 
2.4 The origin of optical contrast in the human brain 
The delicate tissues of the brain, which contains tens of billions of neurons 
arranged in a 3D structure and performs a complex array of functions, are 
protected and surrounded by the skin, the flat bones of the cranium, the 
cranial meninges (dura mater, arachnoid mater and pia mater), and the watery 
fluid cerebrospinal fluid (CSF) (figure 2.11). 
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Figure 2.11 Human brain and surrounding structures (Martini et aI, 1998) (p441). 
In applications involving NIR spectroscopy of the brain, light must pass 
through the skull and surface tissues layers before entering and exiting the 
brain. Firbank et a/ (1993) stated the optical properties of these tissues and 
surrounding structures must be known in order to model the effects of the 
tissue layers and determine chromophores concentrations. Some of the 
optical characteristics of these biological tissues will be discussed in the 
following sections. 
2.4.1 Skin 
Skin covers the entire surface of the body and protects internal organs from 
the harsh elements of the environment. It also protects the body from injury by 
acting as a shock absorber (figure 2.12). 
Figure 2.12 Skin and underlying subcutaneous tissue (Martini et aI, 1998) (p199). 
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The main component layers of the skin are: 
• the epidermis, which is the outermost layer of the skin, and is composed of 
millions of dead skin cells, has no blood vessels and has the natural 
protective pigment responsible for skin colour, known as melanin; 
• the underlying connective tissue of the dermis, which is compose of nerves 
and is vascularised, with sweat glands and hair follicles, and 
• beneath the dermis, the hypodermis is a subcutaneous adipose tissue. 
Due to melanin in the epidermis layer, light is highly absorbed, as shown in 
table 2.1, and especially in the ultraviolet region (Elwell, 1995). Simpson et al 
(1998) concluded that transmission of light through the skin will be highly 
dependent on the pigmentation of the skin. 
Table 2.1 Optical coefficients of human dermis, (Simpson et aI, 1998). 
ĦĤŸĤ mm _ .. ŚŸĚ.. m'!L ...... _______ -_. SKIN LAYER 
DERMIS + EPIDERMIS CAUCASIAN 0.033 ± 0.009 2.73 ± 0.54 
-
HYPODERMIS CAUCASIAN 0.013 ± 0.005 1.26 ± 0.34 
DERMIS + EPIDERMIS NEGROID 0.241 ±0.153 3.21 ± 2.04 
MEASUREMENTS REALIZED EX VIVO AT 663 nm. 
It is noticeable from the values shown in table 2.1 that the attenuation of light 
by the skin is strongly dominated by scattering. Simpson et 81 (1998) also 
concluded that for both dermis and epidermis the transport scattering 
coefficient decreases monotonically, with increasing wavelength. (Le. a 
general decrease of scatter due to the size of the particle in comparison with 
the wavelength). 
2.4.2 Bones & Skull 
The skull grows and expands in proportion to the growth of the brain. At (term) 
birth, the majority of the bones of the skull are ossified (Le. the bones have 
developed from dense connective tissue and cartilage). The areas where the 
bones join together are called sutures, and where they have not come 
together is covered by areas of fibrous connective tissue known as fontanelles 
(figure 2.13). 
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Figure 2.13 The skull of a term neonate, extracted from (Martini et aI, 1998) (p211). 
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These connections are quite flexible enabling distortion without damage to the 
skull, and ease the passage of the infant through the birth canal. Damage 
could occur if pressure is applied to the head. In addition, the skull is a smooth 
bone, made up of two thin layers of compact bone (responsible for the 
skeleton's strength) compressing an irregular layer of spongy bone (made up 
of a network of tiny strands of bone called trabeculae), which contains red 
bone marrow (diploe) (figure 2.14). 
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Figure 2.14 Cross section of flat bone of skull (Martini et aI, 1998) (p170). 
Firbank et a/ (1993) have studied the optical properties of adult skull in the 
wavelength range 650 to 950 nm, obtaining values of J.1B = 0.04 to 0.05 mm-1 
and J.1s' = 2.7 to 1.3 mm-1. The average value of g varied from 0.925 to 0.945. 
The presence of a small quantity of blood in bone has little effect on the 
overall absorption by the bone (Elwell, 1995). 
2.4.3 Cerebrospinal fluid and membranes 
Cerebrospinal fluid (CSF) and membranes surround the brain and much of the 
spinal cord. CSF circulates through the cerebral ventricles (internal structures 
in the brain, formed by four chambers), supporting, cushioning and sustaining 
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the brain (Martini et ai, 1998). CSF is optically very similar to water (Le. CSF is 
non-scattering) with an absorption coefficient (J]a) of 0.0022 mm-1 at 800 nm. 
Some membranes that surround the brain are thin, delicate and highly 
vascularised (pia matter), and others are tough and fibrous, forming a sack 
around the brain (dura matter). The scattering properties of each membrane 
depend on its structure, although the membranes are very thin. The 
vascularised membranes will absorb according to the amount of blood 
present. The membranes themselves are low absorbing (Hillman, 2002). Very 
few models of light propagation in the adult and neonatal heads take into 
account the presence of CSF fluid and the surrounding membranes. 
2.4.4 Characteristics of the human brain 
2.4.4.1 Neurons and Cerebral cortex 
Nerve tissue in the brain has two cell types: neurones (or nerve cells) and 
supporting cells knows as neuroglia. The number of neurons in the human 
body is estimated to be 200 billions and around half them can be found in the 
brain. The neurones with their nerve cell bodies (soma) and their axons (figure 
2.15) are the main components of the grey and white mater in the brain. 
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Figure 2.15 A neurone or nerve cell, extracted from (Martini et aI, 1998) (p134). 
The cerebral cortex constitutes a superficial layer of grey matter (high 
proportion of nerve cell bodies) and internally the white matter which is 
responsible for communication between axons. The white matter appears 
white because of the multiple layers formed by the myelin sheaths around the 
axons, which are the origin of the high, inhomogeneous and anisotropic 
scattering properties of brain (figure 2.16). 
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Figure 2.16 Representation of cross section of the adult brain, showing the grey and 
white matter. 
Extracted from Rolfe (2000) and van der Zee (1992), table 2.2 shows values 
of optical properties of brain tissue for the adult and neonatal brain. 
Table 2.2 Optical coefficients of human dermis, (Simpson et aI, 1998). 
GREY MATIER 0.82* 0.978* 
ĤĤĦĤĤĦĤĤĤĤĤĤĤĤŸĤĦĤĤĦĤĤĤĦĤĦĤ... - .-.--.. -.. -.. ---.- .... --..• _.--.. -.. - .............. _ ...... __ ... -..•.... __ .......... __ ._ .. __ ._._ ...•............ 
WHITE MATIER 0.0032 - 0.01 0.037 - 0.048 ___ . _________ i--. __________ ---+ _____  ___ . __ 
GREY MATIER 0.032 - 0.038 0.033 - 0.05 
9.26 -7.78 1.2 - 0.85 
--
WHITEMATIER 
GREYMATIER 
1·_·----_·_· __ ·_·········_··_·_····+·· __ ·_ ... ········_·-.--.• --.-.. --.-.-.•...•... --.--•.• 
2.64 -2 0.62 - 0.43 
---_ ...... _--
• VALUES AVERAGED OVER THE WAVELENGTH RANGE MEASUREMENTS REALIZED FROM [650 - 900 nm) 
A comparison between values of the optical properties shows that white 
matter is more scattering than grey matter (Jls'WHITE MA TTER> >Jls 'GREY MATTERJ for 
both adult and neonatal brain, due to the high refractive index of the myelin 
(lipid-rich) of the axons (van der Zee, 1992). The values of absorption and 
scattering coefficients of the neonatal brain are smaller than the adult brain. 
2.4.4.2 Functional and Anatomical areas of the brain 
The cerebral cortex is responsible for conscious behaviour and contains 
various functional areas: (a) the motor cortex is the area in the frontal lobe in 
charge of movement and the area on each side of the brain is ÙŸĚcharge of the 
contralateral side of the body. Consequently activation of the right side of the 
body produces a response on the left side of the brain and vice-versa. The 
size of the area involved in the task depends on its complexity: the more 
complex the task, the bigger the area involved ; (b) the somatosensory cortex 
is the region concerned with processing tactile and proprioceptive (position 
sense) information; (c) the visual cortex is in charge of processing visual data, 
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and lies in the occipital lobe at the back of the head. This is highly specialized 
for processing visual information from moving or static objects and for pattern 
recognition; and (d) the auditory cortex is concerned with the hearing and lies 
in the temporal lobe within the Sylvian fissure (Webster, 1992). The cerebral 
cortex is further anatomically divided into the frontal, parietal, occipital, and 
temporal lobes, named after the overlying bones of the skull and as shown in 
figure 2.17. 
Parietal lobe 
Figure 2.17 Representation of the functional regions where are located the motor, 
somatosensory, primary visual and auditory cortices (Webster, 1992) (p197), 
and the anatomically division of the brain (Marieb and Hoehn, 2006). 
2.4.5 Summary 
In the composition of biological tissue, static absorbers like water (and CSF), 
melanin, and lipids, have fixed concentrations, and their contributions to the 
overall attenuation are low within the therapeutic window. Although the CSF 
layer is non-scattering its presence has been shown to affect light propagation 
in the head (Okada and Delpy, 2003), (Okada et ai, 1997), and it is sometimes 
considered together with its surrounding membranes in light propagation 
models (Fukui et aI, 2003). However, the principal interaction of interest occurs 
when light strikes a blood vessel. The light is absorbed by the dynamic 
absorbers: oxyhaemoglobin (Hb02) and deoxyhaemoglobin (Hb). Changes in 
the intensity of the incoming light can be converted into changes in 
concentrations of oxyhaemoglobin and deoxyhaemoglobin, which can be used 
to provide information on blood oxygenation status. Also, indirect information 
can be gained from the different optical properties of the tissues, which are the 
basis of several potential clinical applications, such as cerebral imaging 
modality for mapping oxygenation and haemodynamics in the brain of 
newborn infants or cortical functional activity in adults, (Hebden, 2003). 
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2.5 Optical monitoring of the brain injury in infants 
2.5.1 Brain Injury during birth 
Occasionally during the birth process, the baby may suffer a physical injury 
that is simply the result of being born. This is sometimes called birth trauma or 
birth injury. Premature babies « 37 weeks of gestation) are more fragile and 
may be more easily injured. The most common types of neurological problems 
associated with birth injury in newborn babies are listed below and all manifest 
themselves as disruption to the supply of blood and oxygen to vulnerable 
areas of the brain (Gibson et aI, 2005a): 
I. Hypoxic ischemia encephalopathy (HIE) is a brain injury resulting from 
(perinatal) asphyxia, and is one of the most commonly recognized causes of 
severe, long-term neurological deficits in children, due to impaired CBF 
(Shalak and Perlman, 2004). When the infant newborn brain is subject to the 
asphyxia, its circulation becomes vasodilated with an increase of cerebral 
blood volume (CBV) (Meek, 2002), (Meek et aI, 1999 a), (Wyatt, 1993). 
II. Periventricular leukomalacia (PVL) is the damage and softening of the 
white matter around the ventricles (with subsequent cyst formation) due to an 
incomplete state of development of the vascular supply and impairment in 
regulation of cerebral blood flow (CBF) (Volpe, 2001). Studies in preterm 
infants during the first 3 days of their life demonstrated an increased risk of 
development of both IVH and PVL due to a low level of CBF (normal response 
to extrauterine life) (Meek, 2002), (Meek et aI, 1999 a). 
III. Intraventricular haemorrhage (IVH) is a bleeding inside or around the 
ventricles due to damage of capillaries occurring during periods of fluctuation 
in blood pressure, which are common during birth (Gibson et aI, 2005a), 
(Whitelaw, 2001). The amount of bleeding varies and it is often described in 
four grades: grades I (bleeding occurs just in a small area of the ventricles) 
and II (bleeding also occurs inside the ventricles) are most common, and 
grades III (ventricles are enlarged by the blood) and IV (bleeding into the brain 
tissues around the ventricles) are the most serious and may result in long-
term brain injury to the baby (figure 2.18). 
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Figure 2.18 LEFT: Periventricular - intraventricular haemorrhage grades. Extracted from 
(Merestein et aI, 1998) (p599), and RIGHT: Massive intraventricular 
haemorrhage, without distension of the ventricles (Whitelaw, 2001). 
2.5.2 Monitoring brain injury 
Currently, birth injuries have been diagnosed clinically by cranial ultrasound 
(US- which gives only anatomical information), computerised tomography 
(CT- rarely used on newborns because of the ionizing radiation and limited 
due to high water content in the preterm infant brain (Halliday et ai, 1998)), 
and MRI (which is often not appropriate due to the fragile state of the infant 
and the reluctance to transport the infant out of an intensive care unit) (Gibson 
et ai, 2005a). Other techniques such as electroencephalography (EEG), 
magnetoencephalography (MEG), PET, and fMRI can be used to non-
invasively investigate cerebral function. Although these techniques are widely 
used clinically, the instruments are expensive (with the exception of EEG), 
require specially trained technical staff to operate, and patients have to be 
moved from their controlled environment and taken to specially constructed 
rooms where the investigation is carried out. In the case of PET, patients have 
to be injected with radioisotopes, which is not appropriate for multiple 
repeated studies. All of these factors make these imaging methods unsuitable 
for imaging cerebral function in babies in real time, especially if they are being 
cared for in an intensive care unit. It is desirable to have a clinical test that 
would allow detection of potential brain injury before it occurs or as it is 
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occurring, when it is possible to intervene and reverse or prevent the brain 
injury (Vainthianathan et aI, 2004), (Hebden, 2003). Cerebral near-infrared 
spectroscopy (NIRS) has the potential for immediate real-time assessment of 
the adequacy of brain perfusion. NIRS is based on the physical principle that 
oxygenated and deoxygenated haemoglobin have different light-transmitting 
characteristics in the near-infrared region. Thus, a light-emitting/detecting 
system can be used to assess the relative amount of oxygen saturated 
haemoglobin in the tissue being sampled or adapted as a cots ide instrument 
for continuous monitoring (Cope and Delpy, 1988). 
2.6 Modelling of photon transport in tissue 
An understanding of the propagation of light in tissue enables optical 
techniques, such as NIR spectroscopy to yield quantitative information about 
tissue oxygenation and haemodynamics, and NIR imaging to produce surface 
maps of the cortex activation or volume images of spatial/temporal changes in 
[Hb021, [Hb] and [total Hb] in the infant brain,. 
2.6.1 Modified Beer-lambert law (MBll) 
Scattering causes light to travel extra distance in tissue, increasing the 
probability of photon absorption. The differential path length DP, the real 
optical pathlength, can be obtained from the differential path length factor DPF, 
given by: 
DP=DPF.d [2.13] 
where the geometrical distance between the source and detector is d. The 
differential path length factor or scaling factor will depend on the number of 
scattering events that occur. The DPF will in practise be a function of the 
scattering coefficient (it will increase with increasing Jls), the anisotropy g, the 
absorption coefficient (it will decrease with increasing Jla), and the geometry of 
the medium. It must be included in the Beer-lambert law to describe 
attenuation in a scattering medium (Matcher et aI, 1993). The DPF can be 
considered approximately constant for a given tissue, since the measured 
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difference in attenuation is small compared with the large constant 
background attenuation in tissue (Elwell, 1995). It is also necessary to 
introduce an additive term G due to the scattering losses. Thus, 
/ _/ e(-Jla.DPF.d+G) (d) - Q. [2.14] 
This is known as the modified Beer-Lambert Law. G is dependent on the 
measurement geometry and the scattering coefficient of the tissue under 
study and is largely unknown. Consequently, spectroscopic measurements 
generally assume that G is constant during the measurement period and 
attempt to quantify changes in the absorption instead of absolute values: 
LlA21 = A2 - ŸĚ= toge(X) = DPF.d·.dP21 = 
A2 - ŸĚ= DPF.d.a( A).L1[C]21 
[2.15] 
The differences in attenuation measured between two oxygenation states is 
given by LlA21 corresponding to an absorption change of Ll/.la21. The DPF can 
be measured by two methods: intensity modulated optical spectroscopy (see 
section 3.10.2) or time of flight (see section 3.10.3). According to Duncan et a/ 
(1995), the values of the differential path length factor are 4.99 (± 9%) for 
infant head and 6.26 (± 14.1%) for adult head at 807 nm. 
2.6.1.1 Determination of the blood oxygenation status with NIR light 
The parameter which establishes the degree of the oxygenation of blood is 
the oxygen saturation (802) and it is calculated using the absolute values of 
concentration and is given by: 
so [%] = [Hb02J .100 
2 [Hb02J + [HbJ 
[2.16] 
Considering the contribution of oxy and deoxy-haemoglobin (equation [2.7]), it 
is possible to determine the absorption coefficient of blood at two different A's 
as follows: 
J.i)'1 = aHbO;. ĜŸĞĦŔÑŞÌÎŖĚ+ ŠÑŞĜŸĞ·ŔÑŞŖĚ
J.i)'2 = aHbO;. ĜŸĞĦŔÑŞÌÎŖĚ+ ŠÑŞĜŸĞ·ŔÑŞŖĚ
[2.17] 
[2.18] 
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By solving the simultaneous equations [2.16], [2.17] and [2.18], it is possible 
to obtain the oxygen saturation as shown in equation [2.19]. 
S02[%] = ŠÑŞĜŸĞ·ÚŊŸĚĤŠÑŞĜŸĞ·ÚŊUHĚ .100 [2.19] 
ŠÑŞĜŸĞ·ÚŊŸĚ- ŠÑŞĜŸĞ·ÚŊUHĚ+ aHbD.z ĜŸĞ·ÚŊĻÍĚ- aHbD.z ĜŸĞĦÚŊŸĚ
Figure 2.9 provides the values of aHb02, aHb for any two wavelengths in the 
NIR range, so by measuring the PA1 and PA2, the oxygen saturation can be 
determined by using equation [2.19]. S02 is directly related to the supply of 
blood and usage by the tissue, and indicates its functional activity. For 
instance, non-invasive measurement of S02 is a common bedside procedure 
in hospitals. It is performed continuously, safely and instantaneously by pulse 
oximeters. The measurements are typically made on fingers and/or ear lobes. 
A two-wavelength method is used to quantify changes in light attenuation 
during the systolic phase of blood flow in tissue, which are converted to levels 
of oxygen blood saturation. For more details about pulse oximetry see 
Mendelson (1992). 
2.6.1.2 Determination of the chromophores concentrations 
Because the two forms of haemoglobin have different absorption spectra in 
the NIR range, it is possible to measure the relative concentration of 
oxyhaemoglobin ([HbOJ) and deoxyhaemoglobin ([Hb]) using measurements 
at two wavelengths (A1,AV of the differences in attenuation or absorption 
(LlA (A1),LlA (AV). If just the contribution of two chromophores is considered, the 
equations [2.7] and [2.15] can be written as follows: 
ÒÙĻĜŸĞĚ= DPF( ŸĞĦTĦĜŠÑŞÌÎĚĜŸĞĦÒÍŔÑŞÌÎÍĚ+ aHb( ŸĞĦÒÍŔÑŞŨĞĚ [2.20] 
ÒÙĻĜŸĞĚ= DPF( ŸĞĦTĦĜŠÑŞÌÎĚĜŸĞĦÒÍŔÑŞÌÎÍĚ+ aHb( ŸĞĦÒÍŔÑŞŨĞĚ [2.21] 
In order to determine the changes in concentrations of the two states of 
. oxygenation, the equations [2.22] and [2.23] are rearranged. These values 
can describe how well the blood is oxygenated. 
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[2.22] 
[2.23] 
2.6.2 The Radiative Transfer Equation (RTE) 
In the RTE approach light is treated as composed of distinct particles 
(photons) propagating through a medium. The model is restricted to 
interactions between light particles themselves and is derived by considering 
changes in energy flow due to incoming, outgoing, absorbed and emitted 
photons within an infinitesimal volume dV in the medium (energy balance). 
The model considers a small packet of light energy defined by its position r, 
direction of propagation 5, over a time interval dt, and with propagation speed 
c (figure 2.19). 
PHOTONS IN (I;,J 
.....•.......•.......... _--.. , 
PHOTONS SCATTERED FROM ANOTHER 
DIRECTION TO DIRECTION OF INTEREST 
Figure 2.19 Model for RTE 
dV 
PHOTONS OUT d ouJ 
-+---.......................... . 
PHOTONS SCATTERED TO 
ANOTHER DIRECTION 
y 
The change in energy radiance /(r,t,s) is equal to the loss in energy due to 
absorption and scattering out of S, plus the gains in energy from light 
scattered into the s-directed packet from other directions and from any local 
source of the light at r. This energy balance is represented by the individual 
terms in the RTE: 
1 OI(r,t,s) - n/( t -) [2.24] 
---+s- v r"s = 
c at 
= -[(,ua + ,us')./(r, t, s)] + ,us' fp(s,s')./(r,t,s').d2s' + q(r,t,s) 
41r 
Each term in equation [2.24] represents in time domain: 
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1 OI(r,t,s) - t7/( t-) ĤĤĤGĤĤŸĢŐĦĚv r, ,S 
c at 
(Jla + Jls I )./(r, t, s) 
The difference between the number 
of photons entering the volume and 
the number of photons leaving it per 
unit time 
The attenuation given to light due to 
absorption and scattering 
29 
..... _ ..._ .... .(dV ŸŸŸŸŸĒĒĒGŅŬĚ
anothar direction 
_________ ._ .. - .. - ____ .. _______ ĤĢĤŚĦĦJĦĦJĦJĦÖUŤĦŸŬŪVŠŞŸŬŲŞŤĦVËÙŪĚthe ŸŦỲŨËÜŤĚdV 
I f (- -') /( t -') d 2 -, J1s P S,S . r, ,S . S 
41r 
q(r,t,s) 
The increase in the light due to 
scatter from all directions to final 
direction s' 
Local sources 
[W/m3/sr] 
(for instance, fluorescence) 
Photons 
JJJŸĤ ... -.-
another direction to direction of interest 
Two important parameters are l/J(r,t) which represents photon density or 
diffuse photon fluence (inside the element), and J(r,t) which is the photon flux 
or current (at its boundary). The latter is a measurable parameter and allows 
equation [2.24] to be solved for J.ls' and J.la, respectively (Kaltenbach and 
Kaschke, 1993). 
f/J(r, t) = II(r, t, s' ).ds' [2.25] 
41l' 
J(r, t) = I s./(r, t, s' ).ds' [2.26] 
41l' 
Exact solutions for the RTE exist for simple cases such as isotropic scattering 
in simple geometries. A more in-depth treatment of the subject is given in the 
review papers by (Arridge and Hebden, 1997) and (Patterson et aI, 1991). 
2.6.2.1 The diffusion approximation to the RTE 
Three variables in the RTE depend on direction s: the radiance I(r,t,s), the 
phase function p(s,s) and the source term q(r,t,s). If these are expanded into 
spherical harmonics, an infinite series of equations which approximate to the 
RTE is obtained. The PN approximat!on is obtained by taking the first N 
spherical harmonics, of which the simplest is the time-dependent P1 
approximation. If the following assumptions are made: (a) scatter is the 
dominant interaction: Ps'» Pa, (b) phase function p(s,s) is independent of the 
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absolute angle, (c) photon flux J(r,t) changes slowly dJ(r,t)/dt = 0 and (d) all 
sources are isotropic, the result is the time-dependent Diffusion equation: 
ŸĚŠKŨLŸŸHĚt) _ V. K(r)V <I>(r, t) + Pa( r )<1>( r, t) = q(r, t) [2.27] 
where: 
J(r, t) = -K(r)'1 l/J(r, t) (1 st Fick's Law) [2.28] 
K(r) is the diffusion coefficient defined as: 
. 1 
K(r) = ------
3.[,ua (r) + ,us I (r)] 
[2.29] 
The diffusion equation [2.27] has been widely used to model light transport in 
tissue, although it is necessary to assume that light propagates diffusively 
(which is generally the case in bulk tissue), and the source and detector are 
separated in space and time, to ensure that the light is diffuse when it reaches 
the detector. By contrast, these assumptions generally do not hold near the 
source, near the surface and internal boundaries and in anisotropic tissues, 
and in regions of either high absorption or low scatter (voids regions, such as 
the ventricles and CSF). For these cases, higher order approximations to the 
RTE may be required (Gibson et aI, 2005a), and models which incorporate 
void regions within a diffusing model (Riley et aI, 2000). 
2.6.2.1.1 Green's functions 
A general method for solving partial differential equations (PDE) such as the 
diffusion equation is the application of Green's functions, where the source 
term q(r,t) consists of an infinitely short pulse or 8-function (any other source 
can be obtained by convolution (Arridge et aI, 1992». An example of analytical 
solution was developed by Patterson et a/ (1989) for a homogeneous slab 
where boundaries are described using the so-called method of images. This 
yields time-resolved reflectance and transmittance equations, and least-
squared fitting to experimental data allows the optical coefficients to be 
determined. For instance, during the determination of the optical properties of 
a liquid slab of intralipid solution (mixture used for reference phantoms, see 
section 5.2.2.2), a rectangular transparent receptacle is filled with the 
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homogenous solution (nominal properties of the mixture are J.1s' = 1 mm-1 , 
J.1a = 0.01 mm-1). A connector for a light source is attached on one of the 
faces, and another for a detector is attached on the opposite face. Both 
connectors are at the same height and located in the middle of each face. A 
representation of the experiment is shown in figure 2.20. A short pulse from a 
laser source (see section 4.2.1) is applied and the time-resolved transmitted 
intensity across the solution is detected (50 mm of thickness). The values of 
the absorption and scattering coefficients are obtained from the temporal 
distribution of transmitted light due by fitting with the corresponding Green 
function (figure 2.20). For more details see (Patterson et aI, 1989). 
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Figure 2.20 Top: A measured transmittance signal and the correspondent fitted curve, 
BOTTOM: A measured transmittance signal and the correspondent fitted curve. 
Other analytical solutions for simple geometries, such as spheres and 
cylinders, as well as the frequency domain equivalents of the equations, are 
given in (Arridge et aI, 1992). For more complex geometries, the solutions are 
solved numerically. 
2.6.2.1.2 Finite element method (FEM) 
The finite element method can be applied in order to solve numerically the 
partial differential equations (such as diffusion equation) for arbitrary and 
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complex geometries. Arridge et al (1993) stated that FEM can be applied 
anywhere where a differential equation formulation is available for the 
transport model. The method involves dividing a region of interest (or domain) 
into a finite number of volume or area elements. The boundary of one element 
consists of discrete points called nodes (or connecting points). Surface 
domains may be subdivided into triangles and volumes may be subdivided 
into tetrahedral (polyhedrons) shapes. Each element has its individual set of 
optical properties (jJa and fJs '). The shape and distribution of the elements is 
ideally defined by automatic meshing algorithms (e.g. NETGEN developed by 
Schoberl, (1997)). Figure 2.21 shows a finite element (volume) mesh 
generated using automatic meshing algorithms (NETGEN). 
Figure 2.21 
MESH CHARACTERISTICS 
I. 404 POINTS OR NODES 
Ii. 1459 ELEMENTS (TETRAHEDRAL) 
iii. 546 SURFACE ELEMENTS (TRIANGLES) 
A head-shaped finite element mesh (left) and the surface cut away to show 
internal structures (right). 
The photon density approximation f/>,(t) is then calculated at each node i, and 
summed over all N nodes in the region. It can be expressed using the 
piecewise polynomial function: 
N 
(j)h ( r It) = L (j); (t )u i ( r ) 
; 
[2.30] 
The h superscript denotes the iterative process that is calculated at the nodes 
and which provides an approximate solution for photon density (f)(t). The u;(r) 
is a basis function and it describes the way that the function f/>,(t) is allowed to 
vary over an element (between nodes). Its simplest form is to be a constant, 
although a variety of basis functions can be used (Arridge and Schweiger, 
1993). The advantages of this method are its computational speed, the high 
flexibility (as for the Monte Carlo method) when applied to complex 
geometries and it can model photon density and flux everywhere. The 
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disadvantages are that there is no means of deriving individual photon 
histories and it is subject to the same limitations as the diffusion equation 
(Arridge et aI, 1993). 
2.6.2.2 The Monte Carlo Method 
Many problems of practical interest often involve a range of light sources, 
multiple tissues types, and complex geometries. Analytical solutions for 
realistic scenarios are complicated, even when possible. These more realistic 
cases are instead solved with numerical techniques. For RTE problems, the 
most widely ẀŸŤTĚapproach is the Monte Carlo (MC) method. In this approach 
to photon transport, single photons are traced through the sample step by 
step, and the distribution of light is built up from these single-photon 
trajectories. The parameters of each step are calculated using functions 
whose arguments are random numbers (Vo-Dinh, 2003). The advantages of 
the MC method are simple implementation, the ability to handle any complex 
geometries and inhomogeneous media (Patterson et aI, 1991). The main 
disadvantage is the associated high computational cost, since the statistical 
accuracy of results is proportional to [number of traced photons]%. As the 
numbers of photons in the simulation grows toward infinity, the MC prediction 
for the light distribution approaches an exact solution of the RTE (Niemz, 
1999). A MC simulation of absorption and scattering has 5 main steps: source 
photon generation, pathway generation, absorption, elimination, and 
detection. 
2.6.3 Optical image reconstruction 
Optical image reconstruction involves deducing the internal distribution of Jla 
and Jls' that correspond to a set of measurements recorded. The process 
applied to optical tomography involves the solution of the forward and the 
inverse problems. The forward problem is to predict the distribution of light y in 
the object under examination. This uses a model of photon migration in the 
object to generate a sensitivity matrix J (or forward operator) which relates the 
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distribution of light on the boundary of the object with its internal properties x, 
as shown in equation [2.31]. 
y=J.x [2.31] 
The forward problem can generate model data for comparison with 
experimental data or to test reconstruction techniques. The distribution of light 
y can be determined with previous knowledge of the geometry of the object, 
the location of the sources and detectors, and background parameters. In a 
similar way, in the inverse problem an image (2D or 3D) of the internal 
properties of the object can be recovered from the distribution of 
measurements on the boundary y by inverting the forward operator J, as 
shown in equation [2.32]. 
J-1 x= .y [2.32] 
However, this inversion is ill posed (the solution may not be unique) and is 
generally highly underdetermined (the number of unknowns exceeds the 
amount of data), and does not yield to straightforward analytical methods 
(Arridge and Hebden, 1997). Image reconstruction methods can be 
categorised as either linear and or non-linear. 
2.6.3.1 Linear reconstruction 
The linear reconstruction method is the simplest way to recover an optical 
image. This involves considering changes in the optical properties !lx = (x-xo), 
and corresponding changes in the measured data L\y = (y-Yo). By expanding 
equation in terms of the Taylor series yields: 
[2.33] 
where F', F" ... are the first derivative, second derivative and so on. In the 
case of difference imaging, which is usually employed (see section 4.2.7.5), 
the changes in the optical properties !lx are small, and equation [2.33] can be 
linearized, yielding: 
ŸXĶŊĦŸĚ [2.34] 
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As described earlier, the image reconstruction consists of the product of the 
inversion of the forward operator J and the change in measurements or 
difference between two states (6y): 
[2.35] 
There are several techniques to invert a matrix; one of the most common is 
the Tikhonov regularisation of the Moore-Penrose generalised inverse 
method: 
[2.36] 
where the parameter of regularisation A is typically -0.01 and I is the identity 
matrix. An advantage of linear reconstruction is that it does not require a 
good forward model for good results to be achieved, although this method can 
only reconstruct small changes in the optical properties, otherwise the 
reconstruction will probably fail, especially if the reference phantom has 
optical properties that are not close to those of the tissue analized. For more 
details see (Gibson et ai, 2005a) and (Gibson et ai, 2005b). 
2.6.3.2 Non-linear reconstruction 
Non-linear reconstruction is a method where the difference between the 
values calculated by a forward model and the experimental data is used to 
update the sensitivity matrix J of the model and to minimise this difference 
between the estimated and the measured data. The image reconstruction 
package developed at UCL, known as TOAST (Temporal Optical Absorption 
and Scattering Tomography) is a software for image reconstruction in diffuse 
optical tomography, which involves: 
• a forward solver, a finite element model (FEM) to simulate the light 
transport in tissue (scattering medium), which has the flexibility to handle 
complex geometries (essential for imaging a real infant's brain); and 
• an iterative inverse solver, a non-linear reconstruction algorithm which 
compares the measured TPSF data and the data generated by the FEM 
model (forward solver), acting iteratively on the trial solution. Once the 
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difference is below a set limit, the generated model is considered a good 
approximation with the true tissue optical properties. 
A more detailed description of the method of reconstruction and the main 
theoretical principles involved in TOAST are given elsewhere (Arridge, 1999), 
(Arridge, 1993). 
Chapter 3 
Techniques for Brain Imaging 
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3.1 Introduction 
Modern imaging methods provide the opportunity for non-invasive in vivo 
study of human organs and can provide measurements of local neuronal 
activity of the living human brain. These imaging modalities can be divided 
into two global categories (Fantini et aI, 2001): 
• Functional imaging represents a range of measurement techniques in 
which the aim is to extract quantitative information about physiological 
function from image-based data. Although high-resolution images are 
desirable, the emphasis is on the extraction of physiological parameters 
rather than the visual interpretation of the images. Functional modalities 
include SPECT and PET (known as nuclear medicine imaging modalities), 
and fMRI. EEG, MEG, Electrical Impedance Tomography (EIT) can also be 
named as a functional imaging technique . 
• Structural imaging represents a range of measurement techniques which 
can display anatomical information. These modalities include X-ray, CT, 
MRI, and US. 
3.2 Electroencephalography (EEG) 
Electroencephalography is a non-invasive technique that detects electrical 
impulses in the brain due to neuronal activity using electrodes placed on the 
patient's scalp (EEG cap). The recording of conventional EEG traces 
represents changes in electrical activity in the order of tens of milliseconds, 
and are used to monitor responsiveness, coma and brain death; locate areas 
of damage following head injury; and investigate epilepsy (Teplan, 2002), 
although it is usually necessary for a trained neurologist to perform the 
analysis (Law et ai, 1991). The spatial resolution of the EEG techniques is 
limited due to layers of CSF, skull, and scalp between the electrodes and the 
current source in the brain. Consequently, the electrical potential distribution 
on the scalp is blurred and it is difficult to determine the location of regions of 
electrically activity. To enhance the electrical source location, various 
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techniques are performed: (i) to increase the numbers of channels, (ii) to 
apply a second derivative of the scalp potential (surface Laplacian) for 
emphasizing the differences in the topography potential, and (iii) to apply a 
finite element head model containing prior anatomical information derived 
from MRI, which is used to reduce the distortion ·of the EEG signals (due to 
the tissues head layers). This provides a numerical estimate of the electrical 
potentials near the cortex surface (Srinivasan, 1999), (Gevins, 1998). This is 
known as high resolution EEG, and it has been used as a tool in the study of 
cortical activation during external stimulation and cognitive studies. Figure 3.1 
illustrates the topographic mapping obtained from somatosensory cortex 
activation and the enhancement obtained when the numbers of channels is 
increased (Gevins, 1998). 
Figure 3.1 Activation mapping of left middle and right index fingers (adult) using 18 
channels (nose at the top) and 124 channels and deblurring (Gevins, 1998). 
3.3 Magnetoencephalography (MEG) 
Magnetoencephalography is a non-invasive technique that records magnetic 
flux changes over the surface of the head (_10-15 Tesla) from synaptic 
discharge tangential currents due to the activity of neurons. MEG 
measurements are carried out in magnetically shielded rooms, using sensitive 
super-conducting quantum interference devices (SQUIDS) to detect these tiny 
magnetic fields. The MEG sensor consists of a flux transformer coupled to a 
SQUID, which considerably amplifies the weak extra cranial magnetic field 
and converts it into a voltage. During studies, the subject sits or lies with their 
head inside a sensor helmet. The whole head device has 64 - 304 sensors 
(Paetau, 2002). Because the sensors are placed over the head, but not 
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necessary touching it, the technique may be used on people with open head 
injuries (Fenwick, 1987). MEG provides a sub-millisecond temporal resolution 
with a spatial resolution of a few millimetres. Its drawback is that it gives no 
anatomical information and the head has to be kept immobile with respect to 
the helmet, preventing long-term recording. Most MEG studies have been 
conducted on adult subjects, but some MEG data already exists on children, 
especially those undergoing presurgical evaluation for epilepsy surgery 
(Paetau, 2002). Some MEG systems are adapted for use on neonates and 
studies have been performed evaluating simultaneous MEG and EEG 
recording (figure 3.2). MEG data shares the basic features and frequency 
content of EEG, with predominant activity in the slow frequency delta band 
(frequency < 3.5 Hz) (Haddad et ai, 2006). 
Figure 3.2 The newborn's head is positioned close to the detection coils of the 
magnetometer. The concave surface of the array (151 channels) is curved to 
fit the shape of maternal abdomen to optimize recording of (fetal) magnetic 
signals. Extracted from (Haddad et ai, 2006). 
3.4 Electrical Impedance Tomography (EIT) 
EIT is a non-invasive technique, where images of the conductivity (0) of the 
body can be reconstructed from voltage measurements made on the surface. 
In this modality, a series of electrodes are attached to the body and each 
measurement is made by applying an electrical current with one electrode-pair 
while using another pair to sample the voltage distribution. The current is 
applied consecutively through different pairs and the corresponding voltages 
are measured by all remaining pairs (figure 3.3). The reconstruction process is 
performed by an algorithm which relates the measured voltages to the 
conductivity within the sampled region (i.e. by solving an inverse problem). 
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Figure 3.3 
Current ftow lines Isopotantlallines 
Representation of EIT method of recording data for a cylindrical volume 
conductor with 16 equally spaced electrodes (Neighbouring Method), LEFT: 
the first 4 voltage measurements for the set of 13 measurements are shown, 
and RIGHT: another set of 13 measurements is obtained by changing the 
current feeding electrodes. Extracted from (Malmivuo and Plonsey, 1995). 
Recently, the application of EIT to functional imaging of brain was reported 
(Gibson, 2000), including evoked response to visual, motor and 
somatosensory tasks (Tidswell et aI, 2001). 
3.5 X-ray and Computed "fomography (CT) 
X-rays are ionizing electromagnetic radiation with wavelengths in the range 
from 0.01 to 100 nm (-10 keV to 150 keV) (Vo-Dinh, 2003). As illustrated in 
figure 3.4 the x-ray photons from the source that pass straight through the 
patient carry the main information, and the radiographic image is formed by 
the interaction of these photons with the detector. The scattered photons carry 
little useful information and most can be captured by a scatter grid, reducing 
the background signal that degrades the contrast (Webb, 2000). The 
radiography projection is a 2D x-ray shadow image of the 3D anatomy of the 
patient, and each element of this image represents a sum of the linear 
attenuation along the x-ray's path. 
Figure 3.4 
X -RAY TUBE 
Absorbed photon ........... . 
....•.. 
Photons transmitted ................. .......... ". 
through the patient .... . .... 
ANn-seA ITER GRID 
Schematic representation of the radiographic imaging chain, reproduced 
from (Webb, 2000) (p21). 
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The common method of detection of x-rays is based on the direct exposure of 
x-ray film, with the resulting image being a projection (20) of the attenuating 
properties of all tissue along the direction of the transmitted rays (Webb, 
2003). The dark regions on the film represent where the x-rays were detected. 
Alternative detection systems include: a film-screen combination (faster than 
direct exposure film but with lower resolution), and image intensifiers. 
Recently, digital radiography systems have been developed which offer the 
potential to improve image quality using optoelectronic detectors (charged 
coupled device - eeO) and flat panel displays (Yaffe and Rowlands, 1996). 
Further details are given in (Vo-Oinh, 2003), (Webb, 2003), (Webb, 2000). 
The attenuation of x-rays in biological tissue increases with the linear 
attenuation coefficient (dependent on the atomic number of the tissue and is 
generally inversely proportional to the x-ray energy) and with its thickness. 
Thus, thicker parts of the body or bone (high concentration of calcium) will 
produce a higher attenuation, and will need higher energy x-rays (up to 150 
keV) to produce an image and a higher radiation dose to the tissues. Soft 
tissues (as in the breast, muscle and fat) have low atomic numbers and can 
be imaged with lower energy x-rays (15 to 25 keV). To observe good contrast 
between different types of soft tissue it is important to use lower energy x-rays 
since higher energy will pass straight through. In general, in x-ray diagnostic 
imaging it is important to have a good tissue contrast while keeping radiation 
dose as low as possible (Vo-Oinh, 2003) and (Webb, 2000). A major 
application of x-rays is to image broken bones (dense tissues). However, to 
increase image contrast between blood vessels and the surrounding tissues, 
a contrast agent (e.g. iodine or barium compounds which contains high atomic 
number) can be injected intravenously or swallowed to emphasize the 
attenuation of the x-rays (figure 3.5). Because x-ray radiography provides a 
20 projection of a 30 structure, the overlapping layers of tissue can often be 
difficult to interpret due to the loss of depth information (Webb, 2000). 
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Figure 3.5 Cerebral angiogram showing an aneurysm of a cerebral artery. Extracted 
from (Suetens, 2001) (p34). 
CT enables the acquisition of 20 x-ray images of thin tissue slices through the 
body. This is achieved by rotating a source around the patient (360°), and 
measuring the intensity of transmitted rays from different angles. A series of 
projections of an object enables a cross-sectional image to be generated 
(figure 3.6) and multiple images from adjacent slices allow a 3D image to be 
reconstructed. 
Figure 3.6 
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(a) Schematic representation of a CT scanner and (b) 4th generation of CT 
scanner with a rotating x-ray source and a continuous stationary ring of 
detectors. Extracted from (Suetens, 2001) (p37). 
Improvements in CT technology have reduced the overall radiation dosage, 
decreased the scanning time and allowed the imaging of whole organs or the 
whole body in 5 to 20 seconds with 0.5 to 1 mm slice thickness (Kalender, 
2006). Multiples slices can be acquired to cover a larger volume of the patient 
using a spiral/helical CT. This employs a spiral trajectory of the x-ray beams 
by the simultaneous translation of the patient bed and the rotation of the x-ray 
source and detectors (Webb, 2003). Recovery of the distribution of 
attenuation within the subject involves using a suitable reconstruction 
algorithm, such as filtered back-projection (Webb, 2003). 
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A major medical application of CT images is as a diagnostic tool for 
investigating skull fractures and underlying brain damage, such as intracranial 
haemorrhage (figure 3.7). For the case of neonatal brain, the examination 
requires moving the infant from a controlled environment to the CT scanner 
(Rennie, 2005): In addition, CT is less useful for premature infants due to the 
high water content in the brain (Halliday et ai, 1998). 
Figure 3.7 Subsequent CT slices through the brain show a subdural haemorrhage as a 
hyper dense region along the inner skull wall (short arrows). The blood 
causes an increased pressure on the brain structures with a displacement of 
the midsagittal line (long arrows). Extracted from (Suetens, 2001) (p54). 
3.6 Magnetic Resonance Imaging (MRI) and Functional MRI (fMRI) 
MRI is a non-invasive and non-ionizing technique which produces 20 or 3D 
detailed anatomical images of the brain's structure. It can also give 
information on the physical-chemical state of tissues, flow diffusion and 
motion information. This technique produces images with an excellent soft-
tissue contrast and spatial resolution of -1 mm. In general, the temporal 
resolution is lower for than US or CT, and the scan is very susceptible to 
patient motion. The patient is placed inside a strong and constant magnetic 
field (1.5 Tesla). The magnetic field interacts with atomic nuclei of the 
biological tissue (and with hydrogen nuclei in particular because of the human 
body is composed primarily of water). Because of the intrinsic properties of 
atomic nuclei with spin, a magnetic moment (P) is generated along the spin 
axis (figure 3.8 (a)) (Webb, 2003). The natural condition of these magnetic 
fields is no fixed orientation (random), which gives no global magnetic field 
(figure 3.8 (b». The nuclei subjected to an external magnetic field (80 ) adopt 
specific states allowed by quantum mechanics known as spin-up (lower 
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energy) or spin-down (higher energy). This interaction also results in the 
precession of nuclear magnetic moment with angular frequency Wo (figure 3.8 
(c)) (Webb, 2003). 
(a) 
(b) 
direction Z 
8 0 
External magnetic filed 
SPIN-DOWN 
(HIGHER ENERGY) 
Precession with angular 
frequency Wo 
SPIN-UP 
(LOWER ENERG Y) 
(c) 
Figure 3.8 (a) Spinning nuclei possesses a magnetic moment, acting like a small 
magnet, (b) In the absence of an external, magnetic field, the orientations of 
the magnetic moments are random and (c) Interaction between magnetic 
moment and the external magnetic field, based on (Webb, 2003) (p159-160). 
The proportionality between the angular frequency of precession (wo) and 8 0 
is given by equation [3.1], where y is the gyromagnetic ratio. For hydrogen 
nucleus (single proton), y/(21t) is 42.57 MHz.Tesla-1• 
[3.1 ] 
The precession frequency is known as the Larmor frequency. From figure 3.8 
(c), the longitudinal components of the magnetic moment Jl1z and Jl2z are 
equal but opposite. The transverse components average to zero at any instant 
in any large sample. Although in the sample, slightly more spins occupy the 
lower-energy spin-up state than the higher-energy spin-down state (e.g. in 
1 cm3 of water at 1.0 T there are about 1015 excess spins in the lower level -
(Vo Dinh, 2003) - according to the Boltzmann distribution). Thus, a net 
magnetisation (M) is created and aligned to the external field (figure 3.9 (a)). 
Without 8 0 and at room temperature, net magnetization is null (Webb, 2000). 
In order to create Mx and My components, it is necessary to flip the net 
magnetisation from the z axis into the xy plane (figure 3.9 (a)). This can be 
achieved using an external coil to apply a short varying magnetic field (81) 
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with resonance frequency W a, perpendicular to the constant field. The effect of 
applying the 8 1 along x axis is to create a component of net magnetization My 
(figure 3.9 (b», and a is the angle in which the M is rotated due to 8 1. This 
angle is proportional to the intensity of the RF field and the time which is 
applied (Webb,' 2003). 
Ai 
BoIIM=M x 
Mx = 0 I' ĒGŸĒĒĒĒĒĦĚ
My = 0 ................ y 
................................ ;::.j':.::: ..................... ::.:.!':: .. (a) 
Figure 3.9 (a) The vector sum of the all magnetic moments only has a z component, 
with no component in the xy plane, (b) Application of a 8 1 field along x axis 
rotates the resulting magnetic moment toward the y axis, based on (Webb, 
2003) (p166-167). 
A coil placed near the sample will detect the varying transverse component of 
M as a current oscillating at the Larmor frequency. MRI measures the rates of 
two relaxation processes characterized by time constants T1 and T2. When 
the 8 1 is turned off, the nuclei return to the equilibrium state (Mz) , emitting 
energy at the same frequency as was previously absorbed. The decay rate is 
related to the type and molecular environment of the nucleus, and the spins in 
the higher state will return to the lower state giving energy to the surrounding 
tissue (lattice). This process ends when the original magnetization Mz is 
reached at rate given by T1 (or spin-lattice) relaxation. The second relaxation 
process involves the loss of phase coherence, and is known as T2 (or spin-
spin) relaxation. The T1 and T2 time constants depend on whether the protons 
are contained within fat, cerebrospinal fluid, white matter, etc. In practice, the 
decay of the transverse magnetization is characterised by T2 * relaxation time 
which is shorter than T2 due to additional factors such as field 
inhomogeneities (Webb, 2003). Most clinical MRI acquisition procedures 
acquire a set of slices through the anatomical region under study by applying 
a selective radiofrequency (RF) pulse simultaneously with one of the x, y or z 
magnetic field gradients (produced by mutually orthogonal set of gradient 
coils) (figure 3.10) (Webb, 2003). 
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Figure 3.10 LEFT: A conventional MRI scanner, RIGHT: Sagittal view, showing excellent 
soft-tissue contrast between grey and white matter and high spatial 
resolution. Extracted from (Suetens, 2001) (paO). 
The advantages of MRI include: no use of ionization radiation; high spatial 
resolution and high contrast between soft tissues; the possibility of performing 
repeated scans; the ability to acquire sectional views in any direction; the 
scanner has no moving parts. There are some disadvantages, such as the 
necessity for the patient to remain still, and for this reason it might be 
necessary to sedate infants. For their own safety, people with pacemakers or 
with metal parts in their body must not be scanned. Some patients also suffer 
claustrophobia during prolonged studies (Mazziota, 2000). MRI is commonly 
used to assess haemorrhage, hypoxia/ischaemia and maturation of the 
neonatal brain (Rennie, 2005). MRI is a technique which is used to evaluate 
brain structure (as CT), and it can also demonstrate the progress of 
myelination in the developing brain because of the changes in free water 
content (Halliday et aI, 1998). 
Functional MRI (fMRI) is a technique that measures changes in cerebral blood 
flow and oxygen level which reflect localized changes in brain activity induced 
by sensory, motor, or cognitive tasks. It explores a phenomenon known as 
the BOLD effect (blood oxygen level dependent) to identify areas of the brain 
that are involved in performing specific tasks, by evaluating the differences in 
signal intensity between task periods and relaxation periods The local 
indicator of functional activation is given by deoxy-haemoglobin (due to its 
paramagnetic properties). When brain activity occurs it causes more blood 
flow to the active area, which over compensates for the increased oxygen 
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consumption and lowers the amount of deoxy-haemoglobin. As a result, the 
values of T2 and T2* increase locally (decays at a slower rate) in these areas 
(Webb, 2003), (Gowland et aI, 2002). Various applications are described by 
Matthews et al (1999). fMRI is also used in presurgical evaluation of patients 
with epilepsy (Bookheimer, 1996) and in the study of the regions of the brain 
associated with language (Binder et aI, 1997). 
3.7 Positron Emission Tomography (PET) and Single Photon 
Emission Computed Tomography (SPECT) 
PET is a nuclear medicine imaging modality that provides information about 
the regional cerebral blood flow and tissue metabolism by detecting how 
quickly tissues absorb or eliminate radioactive isotopes. A radioactive gas or 
an injection of a biological molecule (glucose) tagged with isotopes is 
administered to the patient, and it accumulates in areas of the body for which 
the molecule has an affinity. For instance, glucose labelled with 11C (half-life, 
20 min), or labelled with 18F (half-life, 1.8 h), accumulates in the regions of the 
brain where it is used as the primary source of energy (Webster, 1992). An 
increase of neural activity in the brain leads to an increase in metabolic 
demand for oxygen and glucose, and consequently an increase in CBF. 
Therefore, the region receives a greater concentration of the radioactive 
tracer, which emits positrons, which interact with the electrons of the tissue 
cells, producing two high energy gamma rays (emitted in opposite directions) 
that are detected by the solid-state detectors surrounding the patient. The 
location of the detectors and the line along the annihilation defines where it 
has occurred inside the body (figure 3.11). 
The image reconstruction is based on iterative algorithms or filtered back-
projection methods. However, before reconstruction, the data must be 
compensated for attenuation effects (Webb, 2003). The major problem with 
PET is its cost and the short half-life of most positron emitting isotopes, which 
require an on-site cyclotron (used to produce the radioisotopes). 
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Nevertheless, PET is used in research studies, such as epilepsy (Voider, 
2002), and for the diagnosis and staging of cancer (Ollinger and Fessler, 
1997) 
WĜËĴŸMHĚ
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Figure 3.11 LEFT: Schematic representation of positron-electron annihilation and 
detection. Both particles are converted into a pair of photons of 511 keV 
each one travelling in opposite directions (two y-rays). RIGHT: View of a 
commercial PET scanner (Suetens, 2001) (p115 and 121). 
SPECT is also a nuclear medicine imaging tool which produces 20 or 3D 
images by tracing an intravenous radioactive substance. SPECT, as with 
PET, acquires information on the concentration of radio nuclides introduced to 
the patient's body. However, the isotopes used are gamma ray emitters and 
hence only single photons are detected. SPECT imaging involves the rotation 
of a photon detector array around the body to acquire data from multiple 
angles (figure 3.12), from which the position and concentration of radionuclide 
distribution is determined. Because the emission sources are inside the body 
cavity, mathematical reconstruction algorithms are used. A spatial resolution 
of 8 - 9 mm is normally achieved (Webb, 2003). 
SPECT 
Figure 3.12 LEFT: SPECT scanner with 3 detector heads, (Suetens, 2001) (p120). RIGHT: 
Comparison among anatomical image and nuclear imaging methods 
(Montandon and Zaidi, 2002). 
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Although SPEeT imaging resolution is not quite as good as that of PET 
(5 - 8 mm), the availability of SPEeT radio pharmaceuticals (for the brain), 
and the practical and economic aspects of SPEeT instrumentation make this 
mode of emission tomography attractive for clinical studies, such as cognitive 
studies (memory, perception and attention), neurological and psychiatric 
diseases (Voider, 2002), (Montandon and Zaidi, 2002). 
3.8 Ultrasound (US) 
Ultrasound imaging is a non-invasive, non-ionising, and portable diagnostic 
modality which has extensive use in the clinical environment. Sound waves 
(-1 to 10 MHz, with 1-3 MHz used for imaging deep-lying structures and 5-10 
MHz for imaging regions closer to the body surface) are emitted from a 
transmitter-receiver (piezoelectric crystal) placed on the skin over the area to 
be scanned. The waves strike internal organs and are partly reflected back to 
the receiver, and are partly transmitted. The intensity of the reflection depends 
on the mismatch in acoustic impedance of the two tissues, and it in turn is 
expressed as a function of the tissue density and compressibility. The more 
rigid the tissue, the greater the value is the impedance of tissue. If the 
mismatch in impedance is large between adjacent tissues, more ultrasound is 
reflected. This can greatly attenuate the transmitted beam and makes imaging 
of structures behind bone difficult. US is also used to measure blood flow in 
vessels via a Doppler shift in the backscattered frequency from blood cells. 
Figure 3.13 illustrates the US scanning process: a pulse is sent out, the 
transducer has to wait for all the returning echoes from the first beam 
trajectory (line 1), before sending out a new pulse to generate the next line in 
the image (line 2), and so on. The depth of the boundaries is calculated by 
measuring the time delay between pulse transmission and echo reception 
using an estimate of the velocity of sound in tissue. Because of the finite 
speed of sound the TŸŮWUĚof the image and its width (number of lines) limit the 
maximum frame rate (Webb, 2003). 
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Figure 3.13 The principles of US imaging reproduced from (Webb, 2003) (p108). 
US scanning is utilized for diagnosis and prognosis of intraventricular 
haemorrhage (figure 3.14), periventricular leukomalacia, and hydrocephalus. 
The brain is accessed through the anterior or posterior fontanelle or through 
the (relatively) thin parietal bones (figure 2.13). 
Figure 3.14 LEFT: Slice selection in coronal view showing normal cranial ultrasound, with 
the skull appearing as dense white echoes (Halliday et ai, 1998) (p373). 
RIGHT: Fluid filled cerebral cavities on both sides as a result of an 
intraventricular haemorrhage, (Suetens, 2001) (p106). 
Advantages of ultrasound scanning are: it is portable, it involves no ionizing 
radiation, it is relatively inexpensive, it involves minimal preparation, it 
provides an instantaneous image, patient motion is not critical, and the probe 
can be easily moved to select different scanning planes. 
Some disadvantages are associated with poor visualizing of areas of the brain 
(subdural and subarachnoid spaces), bones are obstacles for imaging, non-
skilled operators may misinterpret findings, and it is a structural imaging 
modality with no information on tissue functions (Halliday et ai, 1998). 
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3.9 The Development of Optical Imaging of the Neonatal Head 
In the late 1970s, the first report of a continuous monitoring of physiological 
changes (oxygenation and haemodynamics) based on visible and NIR light 
was made by Jobsis (1977), who performed transillumination measurements 
on a cat's head. The light was applied to a shaved region of the temples using 
optical fibre bundles. This approach was later called near-infrared 
spectroscopy (NIRS). It has been used to study cerebral haemodynamics, 
regional blood volume, regional CBF and regional haemoglobin oxygen 
saturation (rS02) of human cortex (Meek, 2002), (Fantini et ai, 2001), 
(Benaron et ai, 2000) and (Elwell, 1995). Recently, it also has been extended 
into the development of imaging methods which give information on spatial 
localization. Two distinct approaches are being pursued: optical topography 
(20 superficial maps) and the optical tomography ĜĨŸĚ volume imaging) 
(Hebden, 2003). 
3.9.1 Near Infrared Spectroscopy (NIRS) 
Near infrared spectroscopy is a non-invasive technique used for monitoring 
blood oxygenation and its kinetics. It has been used in research for measuring 
global haemodynamic changes in the brain and for monitoring regional brain 
activation during stimulation. This technique utilises the optical properties of 
the natural chromophores (haemoglobin and cytochrome aa3). It can measure 
changes in the concentrations of oxygenated ([Hb02]) and deoxygenated 
haemoglobin ([Hb]), and can monitor change in cerebral blood volume (CBV) 
with high temporal resolution and using compact instrumentation. The 
biomedical applications of NIRS are based on the fact that safe doses of NIR 
light can pass through large thicknesses (several centimetres) of skin, bone, 
and soft tissue, and especially of the neonatal infant brain (smaller head 
diameter and the bones are less mineralised than adults). Light propagating 
between two points on the tissue surface is highly scattered, with a mean 
optical path length which is much larger than the geometrical source-detector 
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separation and which is wavelength dependent (due to Pa, Ps', g, see section 
2.6.1). As a consequence, straightforward measurements of transmitted or 
reflected intensity can only give relative values of brain properties that are 
highly non-localized. 
Figure 3.15 shows a light source and 
a detector element separated at 
some distance from each other. It is 
possible to detect the transmitted light 
at two or more wavelengths, allowing 
the assessment of changes in [Hb021 Figure 3.15 The volume of tissue sampled 
and [HbJ (see section 2.6.1.2). by an NIR measurement. 
Increasing the number of wavelengths enables measurements of changes in 
cytochrome aa3 (a 4-wavelength system is described in Cope and Delpy, 
(1988». A schematic representation of a single channel NIRS measurement 
on a baby's head is illustrated in figure 3.16 . 
OPTICAL ........ :: ... :::::::.:::: . ,. OPTODES 
CONTROWNG 
COMPUTER 
Figure 3.16 LEFT: schematic of the experimental set up for NIRS measurements across 
the head, from (Elwell, 1995). RIGHT: A baby with optodes positioned over the 
head (Oelpy et ai, 1988). 
NIRS has evolved into a valuable research tool for studying infant cerebral 
haemodynamics and metabolism, evoked response to visual, olfactory, 
auditory stimulation, and to monitor the human foetal brain during labour 
(Hebden, 2003). Figure 3.17 shows a recording made during the final stages 
of a normal delivery, showing the rapid and large change in blood oxygenation 
that occurs once the baby is born and takes its first breath of air (Delpy, 
1994). 
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Figure 3.17 Recorded signals of the temporal variation of cerebral [Hb02] and [Hb] 
during the transition from foetal to postnatal life (Delpy. 1994). 
While NIRS provides only global measurements, localisation, to enable 
mapping of brain function, (Le. imaging) can be achieved by increasing the 
number of sources and detector on the surface of the tissue. Two distinct 
imaging approaches have been explored: Optical Topography is an imaging 
technique which acquires a number of reflectance measurements on the skin 
to probe the optical properties of regions just below the surface; and Optical 
Tomography is an imaging technique where transmittance measurements are 
performed across a large thickness of tissue in order to determine the optical 
properties throughout the volume (figure 3.18). 
Optical Topography 
Ught 
ŅŪĤĦŲȚŨŸŸŸŚĤGÕẀWĚ
Optical 
Tomography 
Figure 3.18 Concept of optical topography and tomography (Koizumi et al. 2003). 
3.9.2 Optical Topography 
This is a method for acquiring multiple reflectance measurements at small 
source-detector separations (a few centimetres) over a large area of tissue 
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(e.g. head surface or muscle), simultaneously or in rapid succession. The 
objective is to generate 20 maps that represent the absorption and scatter 
properties of the region beneath the array of source-detector pairs. Normally, 
the maps are converted into images of the oxy and deoxy-haemoglobin 
concentrations .within the tissue beneath the array. The arrangement of the 
pairs can be in a rectangular, square or circular grid (table 3.1), which are 
coupled to the head via optical fibres. If the distance between the sources and 
detectors is kept low, the measured signals will be relatively high enabling fast 
acquisitions between successive pairs (of the order of 100 ms), (Hebden, 
2003). 
Table 3.1 Different arrays of sources and detectors for optical topography. 
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SOURCES AND 2 DETECTORS USED BY SOURCES AND 8 DETECTORS (TWO SURFACE THE FORMER TO STUDY THE VISUAL CORTEX, AND 
(FRANCESCHINI ET AL, 2000) IN AN CONFIGURATION) IS USED WITH THE ETG100 FOR FINE MEASUREMENTS OF AREAS ON ONE SIDE 
INVESTIGATION OF MAPPING OF THE ARTERIAl OPTICAL TOPOGRAPHY SYSTEM OF HITACHI OF THE BRAIN; AND THE LATER FOR SIMULTANEOUS 
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RESOLVED HAEMODYNAMICS ON THE PRIMARY RIGHT BRAIN DOMINANCE IN MOTOR, AUDITORY WERNICKE'S AREA, INHICH ARE IMPORTANT IN 
MOTOR CORTEX DURING CONTRALATERAL HAND AND lANGUAGE BRAIN FUNCTIONS (KAWAGUCHI LANGUAGE FUNCTION RESEARCH (KAWAGUCHI ET 
TAPPING. ETAL, 2oo1) AL, 2oo1). 
The penetration depth of detected light is a function of the distance between 
the source and detector, and generally is about half of this separation. 
Measurements of deeper tissues can be achieved by increasing the source-
detector separation, although it will inevitably reduce the signal-to-noise ratio 
(SNR). 
Due to the limited sampled depth, optical topography is a cortical mapping 
technique with little information revealed about deeper regions of the brain 
(e.g. detection of intraventricular haemorrhages) (Hebden, 2003). Therefore, it 
is appropriate for applications which involve investigating cortical brain 
function, such as the regions associated with brain cognition, and sensory 
activation (Meek, 2002), or examining superficial tissues, like forearm muscles 
(Vaithianathan et aI, 2004), (Hamaoka et aI, 2000). 
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The process of data acquisition can be performed in two distinct ways: serial 
acquisition, which can be slow due to the illumination of one source at a time 
while detecting using all detectors, and frequency modulated parallel 
acquisition which has all sources activated at once. Each source is modulated 
at a different frequency and then can be separated by Fourier transform 
(Everdell et ai, 2005), (Everdell et ai, 2004), (Franceschini et ai, 2003) or by 
using lock-in amplifiers (Koizumi et ai, 2003), (Yamashita et ai, 2001), 
(Yamashita et ai, 1999). Simple image reconstruction methods are employed 
to display changes occurring in areas where activation occurred. 
3.9.3 Optical Tomography 
This method uses multiple sources and detectors like optical topography. 
However, it uses measurements of NIR light across large source-detector 
separations. It is based on the principle that a finite set of measurements of 
transmitted light between pairs of points on the surface of the object of interest 
is sufficient to reconstruct a 20 slice or a 3D representation of the object's 
internal scattering and absorbing properties. It is appropriate for 
measurements of changes deep below the surface. Figure 3.19 shows 
possible geometries (optode positions) for tomography measurements of the 
baby's head (Hebden, 2003). 
Figure 3.19 Potential arrays of sources-detectors for transverse (LEFT) and full (RIGHT) 3D 
imaging of infant head. Extracted from (Hebden, 2003). 
Tissue in general is highly scattering, especially in the NIR therapeutic 
window. The emerging transmitted signal is weak. Hence it is necessary to 
integrate the detected signal over several seconds or more. Although, this 
makes an optical tomography system unsuitable for fast haemodynamic 
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analysis (e.g. cortical activations studies), it can be potentially used for long-
term infant monitoring in the neonatal intensive care unit (Hebden et aI, 2002), 
(Hebden et aI, 1997). 
3.10 Experimental Techniques and Optical Instrument Types 
The main aim of optical imaging is to reconstruct a spatial map of Pa, Ps', or 
both from measurements of diffusely reflected or transmitted light. With such 
maps at multiple wavelengths other biological characteristics, like maps of 
blood volume or oxygen concentration, can be generated. The main 
categories of measurements that have been used are continuous wave 
measurements (or steady-state domain), frequency domain, and time domain. 
The different systems will be described in the following sections. 
3.10.1 Continuous Wave Instruments (CW) 
The simplest optical imaging system uses light sources which emit light 
continuously at a constant intensity, or modulated at low frequency (a few 
kHz). A CW system records only the amplitude decay of the incident light, 
which alone is insufficient to distinguish between changes in absorption and 
scatter (Arridge and Lionheart, 1998). However, when imaging changes in 
properties between two measurements, it is usually assumed that scatter 
remains constant. The change in optical attenuation is then used to estimate 
the change in Pa given an assumed value for PS', and maps of activation can 
be obtained. However, absolute measurements of optical properties are not 
possible and all values are relative to an arbitrary background, which is 
usually the state at the start of the period of measurements. The CW 
instrument records data at two or more wavelengths (depending on the 
number of chromophores), and then uses the changes in intensity to calculate 
the changes in chromophore concentrations. The study of haemodynamic 
changes in the cortex is a common application. The advantages of this 
instrument include its low cost, simplicity, and high sampling rate (which can 
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be at up to 100 Hz). The drawbacks of CW instruments are that the differential 
path length must be determined separately, and the difficulty to separate 
absorption and scattering (Arridge and Lionheart, 1998). The measurements 
of light intensity are more susceptible to the optical properties of tissues at or 
immediately below the surface than to the properties of localized regions 
deeper within the tissue, due to the banana-shaped volume of tissue over 
which the measurement is sensitive (known as the photon measurement 
density function or PMDF), which is narrow near the source and detector and 
very broad in the middle (figure 3.20) (Gibson et ai, 2005a), (Arridge, 1995). 
INCIDENT LIGHT 
Figure 3.20 Boundary of the banana-shaped sensitivity region. 
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The detected intensity is thus highly dependent on surface coupling, being 
affected by slight movements or changes in the applied pressure of optical 
fibres in contact with the skin. Also, hairs can attenuate the intensity 
measurements. Attempts to reduce these problems are being implemented 
using a (linear) reconstruction model which assumes coupling coefficients as 
additional unknowns in the reconstruction problem and recording differences 
in intensity, acquired over a period short enough so that the unknown coupling 
can be assumed to have remained constant (Boas et ai, 2001). 
The first commercial optical topography system is the Hitachi ETG-100 which 
is a 24-channel (24 source-detector pair) measurement system (figure 3.21). 
The instrument consists of 16 laser diodes (8 at 780 nm and 8 at 830 nm) and 
8 avalanche photodiode (APD) detectors. Each laser source is intensity 
modulated at a different frequency, and the output from each detector is 
applied to an array of 48 lock-in amplifiers. This approach enables the 
discrimination of different frequencies in the detected signal, and allows all the 
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sources to be illuminated simultaneously, so an image can be produced 
quickly (Yamashita et ai, 1999). This equipment has been evaluated in several 
studies (Koizumi et ai, 2003), (Yamashita et ai, 2001), (Isobe et ai, 2001) 
(Kawaguchi et ai, 2001), (Taga et ai, 2000), (Yamashita et ai, 1999). The most 
recent Hitachi system is the ETG 7000 with 120 channels and 40 pairs of 
laser diodes and 40 APD detectors, and it is able to image the entire adult 
cortex. 
Figure 3.21 Hitachi ETG 100 24-channel system (Kawaguchi et aI, 2001). 
Similar systems have been employed to image the cortex of newborn babies. 
Hintz et al (2001) have studied motor activation in response to passive 
movement of the arms in premature babies, using a system consisting of 18 
laser diode sources and 16 photodiode detectors. Franceschini et al (2003) 
have investigated the motor cortex activation in adults using a system based 
on 16 laser diode sources and 16 photodiode detectors, and utilizes an infinite 
impulse response filter (a digital filter, Oppenheim and Schafer (1989», 
instead of Fourier transforms, to obtain the individual source signals. At UCL, 
Vaithianathan et al (2004) have built a system with a flexible pad, to be 
applied to an infant's head, and Everdell et al (2004) have developed a new 
approach, which involves using software to demultiplex the multiple source 
signals. The system has been evaluated in several studies (Blasi et ai, 2006), 
(Branco et ai, 2006), (Everdell et ai, 2004). For more details see section 4.3. 
Bluestone et al (2001) have reported measurements on the human forehead 
with a dynamic near-infrared optical tomography (DYNOT) system, a 
commercial CW instrument developed by Schmitz et al (2002) to perform 
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tomographic imaging. This system employs frequency encoded multi-
wavelength DC illumination, a time-multiplexed source, and parallel multi-
channel detection with fast gain switching. 
3.10.2 Frequency Domain Instruments (FD) 
In frequency domain systems (figure 3.22) the light source shines with an 
intensity which is sinusoidally modulated at frequencies of the order of 
hundreds of MHz. Measurements of the amplitude decay (modulation depth) 
and phase shift (¢) of the transmitted/reflected signal (I ) can be used to 
determine mean of values of absorption and scattering coefficients within the 
region sampled. The scatter and the absorption of the tissue will have different 
effects on the measured intensity and phase-shift of the transmitted signal, 
enabling their effects to be separated. The phase shift gives a direct 
measurement of the mean path length DP (equation [3.2]). 
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Figure 3.22 The parameters which are measured by a FD systems: the decrease in 
intensity and the phase change, based on (Hillman, 2002) (p32). 
DP= ¢.e 
2n.f.n 
[3.2] 
where r/J is the phase shift measured in radians [rad], f is the frequency 
modulation [Hz], n is the refractive index and e is the speed of light in a 
vacuum. The frequency chosen is related with the spatial resolution: greater 
spatial resolution is observed at higher modulation frequencies, although 
above 200 MHz the linear relationship between the average optical path length 
and the phase shift no longer applies (Delpy and Cope, 1997). Frequencies 
around 100 MHz generally are adequate for this technique (Hebden et aI, 
1997). The sources are typically laser diodes (1- 100 mW) and optical fibres 
are used to deliver light from the diode to the tissue and to collect the 
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transmittedlreflected light. The detectors used include photomultiplier tubes 
(PMTs), and avalanche photodiodes (Hielscher et ai, 2002). 
FD systems currently used for brain imaging studies includes that developed 
by Franceschini et al (2000). This is a two wavelength (758 and 830 nm) 
frequency modulated (110 MHz) system, with 16 intensity modulated sources 
(8 per each wavelength) and 2 photomultiplier tube detectors. It has been 
used for non-invasive optical imaging of the healthy adult brain with temporal 
resolution of 160 ms. They report the arterial pulsation and motor activation in 
the cerebral cortex and quantify temporal changes in cerebral oxy and deoxy-
haemoglobin concentration. Toronov et al (2001) describe a similar system 
used on adults to record data during motor activity (using a sequence of 
stimulation by finger motion and rest) simultaneously with fMRI imaging 
system. Meanwhile, Zhao et al (2005) have developed a multi-wavelength 
frequency domain system to investigate in vivo the optical properties of the 
neonatal brain. 
3.10.3 Time Domain Instruments (TO) 
Time domain instruments (or time resolved instruments) apply a very short 
light pulse (of order of picoseconds) that is broadened considerably after 
travelling through several centimetres of soft tissue such that it extends over 
nanoseconds. The measurement of the times of flight of photons travelling 
between a source and a detector provides a temporal distribution known as 
the Temporal Point Spread Function - TPSF (figure 3.23). 
Figure 3.23 TPSF in domain time representing the tissue's impulse response function 
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This statistical distribution contains information about the scattering and 
absorbing characteristics of the tissue sampled. For instance, a higher 
scattering medium will broaden an input pulse due to the increase in the 
average path taken by the photon, and a higher absorption medium will 
narrow an input pulse because a longer path is more likely to be attenuated. 
The mean flight time « t » of the distribution is correlated with the differential 
path length factor (DPF) by equation [3.3], where n is the refractive index, c is 
the speed of light in a vacuum, and d is the source-detector separation. 
DPF = DP ŸĚŸĜWĞĚ [3.3] 
d d.n 
The slope of the TPSF at large flight times can yield information about the 
absorption coefficient; the higher the absorption, the higher the slope 
(Hielscher et aI, 2002). By comparing the shape of the temporal curves with 
analytical expressions derived from solutions to the diffusion approximation, 
the coefficients can be determined using fitting procedures (Patterson et aI, 
1989). TO systems provide various datatypes, which can be extracted from a 
TPSF, such as the mean flight time, variance or integrated intensity (the total 
number of photons in the measured TPSF and is equivalent to a CW 
measurement). FO data can be obtained from the Fourier transform of a TPSF 
at any frequency (or at all frequencies simultaneously), which is an advantage 
over FO systems. The main disadvantages of TO systems are their cost and 
complexity compared with CW and FO. However, they are potentially capable 
of providing more useful information when imaging the internal regions of the 
brain. Various time-domain instruments have been developed for optical 
imaging, based on a variety of technologies (Hebden et aI, 1997). However, 
the most common approach - and the one adopted at UCL - is known as 
Time Correlated Single Photon Counting (TCSPC). TCSPC utilises a fast 
photon detector. Each detected photon results in an electronic pulse whose 
arrival time is compared with a reference pulse (tREF). The time difference is 
recorded as a count in a histogram which, after multiple laser repetitions, 
develops gradually into the TPSF. To avoid "pile-up" errors, the probability of 
detecting two photons per reference pulse must be negligible (typically < 
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0.01%}. The advantages of this system compared to other time resolved 
methods are a very high dynamic range and excellent temporal linearity 
(provided the maximum photon count rate is not exceeded) (Oelpy and Cope, 
1997). Systems typically employ PMT or MCP-PMT detectors, which have the 
advantage of ·a large collection area. The drawback of TCSPC is a 
comparatively low temporal resolution (typically of the order of tens to 
hundreds of picoseconds) whereas a streak camera, for example, has a 
resolution of < 10 ps (Oelpy et aI, 1988). The first optical tomography of the 
infant brain was attempted successfully by the group of Or. Benaron at 
Stanford University, who developed an imaging system based on the 
measurement of photon time-of flight between points on the circumference of 
the infant head (Benaron et aI, 2000). Thirty-four pairs of sources and 
detectors fibres (with the end with small right-angle prism) were attached to 
the head using a flexible headband (figure 3.24) (Hintz et aI, 1998), and were 
used to obtain 20 tomographic slice images of anatomical disorders and 
functional activation. A time between 2 to 6 hours was necessary for the 
scanning process, which it was dependent on the head size and the number 
of wavelengths used (Benaron et aI, 2000). 
Figure 3.24 Flexible headband used in clinical studies (Hintz et aI, 1998). 
A 64-channel TCSPC based time-resolved instrument that employs specially 
developed low power picosecond diode lasers and fast PMT detectors is 
described by (Oda et aI, 1997). A 32-channel near-infrared system developed 
at UCL for 30 optical imaging of the neonatal infant brain has been developed 
by Schmidt et al (2000). For more details see section 4.2. 
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3.11 Comparison of Current Neuroimaging Methods 
Optical imaging offers advantages over both MEG and fMRl, both of which 
involve the use of large, heavy, expensive instruments, and a dedicated 
building to eliminate effects of external magnetic fields. Yet both systems 
require that the subject remains motionless during measurements, otherwise 
spatial resolution could be severely compromised. Patient motion is a 
particular issue for infants, and it is nearly impossible to make any sort of 
measurements without pharmacologic intervention. However, such 
intervention can also affect normal neural functions, making evaluation and 
study of voluntary response impracticable. 
Optical Imaging can be physically compact, lightweight, and fully portable. 
Normally optical imaging systems employ flexible fibre optics and small 
movement of the subject can be tolerated. An important feature of this 
technique not shared by fMRI and MEG is the capability to rapidly and 
simultaneously measure changes in local cerebral blood volume (CBV), and 
oxy and deoxyhaemoglobin concentrations. PET can measure the cerebral 
metabolic rate of glucose consumption, cerebral metabolic rate of oxygen 
consumption and cerebral blood flow. PET also utilizes inhalation or injection 
of radioactive agents so cannot be used for continuous monitoring. Contrast 
agents are not required for optical imaging, like X-ray and CT. Optical imaging 
offers functional imaging, which is a major advantage when compared with US 
(which gives only anatomical information). A limitation of Optical Imaging is 
the spatial resolution, which decreases with increasing depth below the 
surface. However, this is a consequence of the nature of scattered light. Thus, 
optical imaging cannot replace either MRI or CT for obtaining deep tissue 
structural information. However, optical methods may serve as an adjunct tool 
for such modalities since they are generally compatible with simultaneous MRI 
or CT imaging, and also offer several advantages related with safety, cost, 
sensitivity to functional changes and use at the bedside (Gibson et aI, 2005a). 
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4.1 Introduction 
In this chapter, the two imaging systems developed for clinical testing at UCL 
will be explained. First, the instrumentation designed for 3D optical 
tomography known as the Multi-Channel Optoelectronic Near-Infrared System 
for Time-resolved Image Reconstruction (MONSTIR) will briefly described. 
This will include a description of the acquisition protocol and the processing 
and treatment of experimental TPSF data (datatypes). Second, the recently 
built frequency multiplexed near infrared topography system, for imaging 
functional activation in the brain. 
4.2 MONSTIR 
MONSTIR was designed as a continuous bedside monitor for obtaining optical 
images of premature babies' brains, which are at an increased risk of suffering 
permanent brain damage due to dysfunction in cerebral oxygenation (hypoxic-
ischemia), leading to severe neurodevelopmental disorders (section 2.5). The 
system provides temporal measurements of photons transmitted diffusively 
through the tissue enabling the reconstruction of internal distributions of 
absorption and scattering properties. The MONSTIR system is illustrated in 
figure 4.1. 
Figure 4.1 LEFT: MONSTIR at cotside, RIGHT: A schematic representation of the 32-
channel time resolved imaging system. 
Chapter 4. Optical Imaging at UCL 67 
This system is based on 32 independent Time Correlated Single Photon 
Counting (TCSPC) channels which measure the times of flight of photons 
travelling through the tissue under study. For each detector a histogram of the 
times of flights for all the detected photons is generated in the form of a TPSF. 
NIR pulses from a dual wavelength fibre laser are coupled successively (by a 
fibre switch) into 32 fibres that sequentially deliver them over the surface of 
the tissue. Meanwhile the transmitted light is detected simultaneously by 32 
fibre bundles, which surround the source fibre. The detector bundles are 
coupled to very sensitive optical detectors (four 8-channel microchannel-plate 
photomultiplier tubes, MCP-PMTs) via variable optical attenuators, which 
ensure that the detected flux does not exceed the maximum photon count rate 
(-2.5x105 photon/seconds). Electronic pulses are generated each time a 
photon is detected. The measurement of the delay between these pulses and 
the reference pulse allows histograms of photons flight times (TPSFs) to be 
built up (Schmidt et ai, 2000), (Schmidt, 1999). The principal 
elements/components of MONSTIR are described in the following sections. 
4.2.1 Laser Source 
MONSTIR has a custom-built laser source containing two picoseconds fibre 
lasers « 2ps pulse width), driven by a 40 MHz oscillator. The nominal 
wavelengths of the two lasers are 780 and 815 nm with nominal power output 
of -55 mW per wavelength. Each laser is pulsed continuously at 40 MHz and 
the pulses are interlaced to produce an effective pulse repetition frequency of 
80MHz (figure 4.2). 
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4.2.2 Optical Fibres 
A fast fibre switch (controlled by software) couples the output of the laser to 
one of 32 source fibres integrated along the central axis of each detector fibre 
bundle. Each bundle is sheathed in a protective plastic cover (figure 4.3). 
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Figure 4.3 Schematic diagram of the coaxial fibre bundles. 
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These bundles are attached to the optical probes using connectors 
constructed from black, N I R absorbing plastic. More details about the optode 
connectors and the infant optical probes are given in chapters 5 and 6. 
4.2.3 Variable Optical Attenuators (VOAs) 
VOAs are custom-built electronic devices which limit the amount of light 
reaching each MCP-PMT channel to ensure that it does not saturate or 
damage the detectors. Each VOA is based on a rotating disc containing a 
series of pinholes of different diameter. They also ensure that the flux of 
photons is kept sufficiently small to prevent detection of multiple photons 
during each cycle (single photon counting limit: -2.5x105 counts per second), 
and reduce the incidence of cross-talk between physically adjacent channels 
of the detector which may become significant if the corresponding count rates 
are very different. The VOAs are controlled via software, with settings pre-
defined for each source position according to a so-called Acquisition Definition 
File (ADF). The ADF for an imaging experiment can be estimated or optimised 
empirically via an automated process that finds the VOA position 
corresponding to a predefined maximum count rate. During the performance 
of an infant head study, the VOA positions are determined immediately prior 
to data acquisition. An additional function of the VOAs is to provide a zero 
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transmission to protect the very sensitive MCP-PMTs from room light when an 
acquisition is not in progress. 
4.2.4 Detectors and Electronics Processing 
The light that passes through each of the 32 VOAs is converted into electronic 
pulses by the four a-anode MCP-PMTs (Hamamatsu Photonics, Japan), 
which have a much faster temporal response (few tens of picoseconds) than 
conventional PMTs. The analogue pulses produced are fed into Constant-
Fraction Discriminator (CFD) units where a logic pulse with high timing 
accuracy is produced. With this generated pulse and a reference pulse from 
the laser, the Picosecond Time Analysers (PTAs) calculate the arrival times of 
individual photons. The. measured photon flight times are automatically 
recorded and stored in histograms (TPSFs) by the PTA. These data are 
transferred to the control PC following illumination at each source position 
(Schmidt, 1999). Later, the available measured TPSFs are mathematically 
processed prior to the image reconstruction. 
4.2.5 MONSTIR Image Data Acquisition Software (MIDAS) 
MIDAS is a computer program developed to: (i) control the hardware and data 
read-out of the MONSTIR system, (ii) perform the data acquisition by the use 
of the ADF file (which define the VOA settings, the exposure time and the 
order in which individual sources will be illuminated), (iii) read out the TPSF 
data from the PTAs, storing it in a binary file along with header information 
about the measurement, and (iv) monitor the flow of water used to remove 
heat from the Peltiers Cooler units which house the MCP-PMTs to reduce 
thermal noise. 
4.2.6 MONSTIR Hardware Improvements 
The initial MONSTIR prototype (figure 4.1) was completed in 2001 and used 
for the first time to perform 3D optical imaging of infants. However, some 
improvements to the MONSTIR system are currently being implemented. The 
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most important is new PC-based fast-timing electronics (Becker & Hick L, 
Germany). A router multiplexes the signals from all channels on each MCP-
PMT to one of four timing units. Double-buffering of storage memory allows 
data to be acquired continuously without a delay to upload data. A new laser 
monitoring. unit has been installed which continuously measures the laser 
output at both wavelengths and thus enables any variation in output to be 
calibrated. An alternative design of VOA is being introduced shortly, based on 
photographic film, allowing an increase in attenuation range from 2.2 to 4.2 
optical densities (Jennions et aI, 2006). 
4.2.7 Processing & Treatment of data 
This section involves a briefly description of the processing and treatment of 
experimental TPSF data (datatypes), which will be used for the software 
package for image reconstruction TOAST (Temporal Optical Absorption and 
Scattering Tomography). 
4.2.7.1 Calibration Measurements 
In order to produce reliable datatypes, compensations must be made for the 
temporal response of the system. An Absolute Calibration measurement is 
required in order to determine the absolute temporal characteristics of each 
detector channel. This calibration involves an implicit assumption that the 
measurement of the time of arrival of the back-reflected light from the surface 
of the object is a good approximation for the temporal distribution measured if 
the source and detector were held in contact. Thus, the absolute calibration 
measurements (which produces two files: AbsCaLw1.tpS and AbsCaLw2.tpS) are 
obtained by illuminating each source in turn and measuring the light reflected 
at the surface of the object using the corresponding detector. A detailed 
discussion is given in (Hebden et aI, 2003). A Source Calibration is also 
necessary to compensate for the different lengths of the source fibres. This 
procedure uses a calibration tool which consists of a clear resin cylinder with a 
small scattering target embedded and attached to an optical fibre and located 
in the centre of the cylinder. The source calibration (which also produces two 
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files: SrcCaLw1 .tpS and SrcCal_w2.tps) involves illuminating the target using each 
source fibre in turn, with a single detector coupled to the target. Fortunately 
the properties of the source fibres do not change significantly and this 
procedure needs to be performed just occasionally. These measurements 
enable the · absolute temporal offsets to be obtained for all source-detector 
combinations (Schmidt et aI, 2000). Thus, the calibrated TPSF for source i 
and detector j (C;,j) can then be determined from the measured TPSF M;,j as 
follows: 
C· · =(M· · * S ·)®(A · * S·) /,1 /,1 1 1 / [4.1] 
where Sj represents a source calibration measurement for source j and 
detector x and Aj represents an absolute calibration measurement for source 
j and detector j coupled together, * represents a convolution operation 
and ® represents a deconvolution operation. 
4.2.7.2 Optode Positions 
The optode positions on the helmet are measured (following each infant 
imaging experiment) using a 3D digitizer arm (Microscribe 3D, Immersion 
Corp., USA - figure 4.4). After acquiring a set of measurements defining the 
reference axes for the frame and the zero reference, each optode position is 
recorded (average of three measurements) using a sensitive probe, which 
gives the spatial coordinates. A few more positions are taken of the contours 
of the helmet itself to generate the mesh for the FEM, which will be used in 
the forward solver. 
Figure 4.4 Digitizer arm recording the spatial coordinates of the plastic connectors. 
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4.2.7.3 Surface & Volume Mesh 
The approach used to generate a volume mesh for image reconstruction is to 
warp a generic infant head shaped surface (previously generated, processed 
and stored as a triangulated surface mesh. with 1437 nodes and 2872 
elements) to conform to the measured optodes positions (figure 4.5) using 
MATLASTM (the generic surface is translated, rotated, stretched linearly and 
the nearest node on the generic surface to each measured point is identified) 
and Visualization Toolkit (the warp process generates a new surface which 
passes through the measured points - VTK, Kitware, Inc., USA). 
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Figure 4.5 Surface and Volume meshes generated for modelling (Gibson et a', 2003a). 
4.2.7.4 Datatypes from TPSFs and QM file 
The full set of data from a single scan can consist of up to 1024 TPSFs for 
each wavelength (S1_W1.tpS ... S3LW1.tpS and S1_W2.tpS ... S3LW2.tpS). However, 
these data are a full temporal profile of the broadened laser pulse which was 
modified by the optical properties of the biological tissue. In order to 
significantly reduce memory requirements and computing time in the image 
reconstruction process, various specific characteristics are extracted from the 
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TPSFs (in the form of integral transforms), which are known as datatvpes. The 
ideal TPSF is illustrated in figure 4.6 and the following equations ([4.2] to [4.4]) 
represent the datatypes commonly extracted from TPSFs for image 
reconstruction: the mean flight time, variance about the mean (or central 
variance), and integrated intensity (area under the curve). These datatypes 
are defined in terms of yet) which is the discrete data (sampled every 5 ps) 
acquired by MONSTIR (Hillman, 2002). 
Ly(t).t 
< t >= Mean flight time [y(t)) = ŸĚ
L.Jy(t) 
t 
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Variance [y(t)] = --=t ____ _ 
Ly(t) 
t 
Integrated Intensity [y(t)] = Ly(t) 
t 
Imax 
INTEGRATED INTENSITY 
MEAN FLIGHT TIME < t > 
ŸŸĤ..... ŸĚ..... -.... -..... -... .. ŸĚ..... ŸĚ..... -.. ŸŸŸĚ.. 4 ..ŸŸĤĤĤĤĤĤĤĤĤĤŸĤĤĤĤŸØŅŸĚ
Figure 4.6 The common datatypes extracted from a TPSF for image processing. 
[4.2] 
[4.3] 
[4.4] 
So far, these datatypes have provided satisfactory differentiation between 
absorption and scatter, while being robust to the intrinsic noise present in the 
raw TPSFs (Hillman et ai, 2000). The software used to generate the datatypes 
is known as MONSTIX, which also generates the QM file (0 = SOURCE, 
M = MEASUREMENT) that defines the location of sources and detectors on the 
surface of the object of study and also defines which detectors are active for 
each source. 
4.2.7.5 Difference Imaging 
Difference Imaging is a self-calibrating imaging technique and involves 
reconstruction of the difference between the properties of the object and a 
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reference medium (phantom), or differences in the object under different 
conditions (e.g. evoked response). This technique is less sensitive to the 
implicit errors in the measurements of the connector positions and additional 
calibration measurements are unnecessary (Hebden et ai, 2003). It will also 
tend to cancel any instability due to the MONSTIR system which affects both 
the data acquired on the object and the reference with the same source and 
detector positions. Thus, it can be shown that relations between transformed 
convolved functions for meantime and intensity are: 
Meantime [Y1(t)] - Meantime [Y2(t)] = ... [4.5] 
... Meantime [DOBJECT1 (t)] - Meantime [DOBJECT2 (t)] 
log((Intensity [Y1(t)])-log((Intensity [Y2 (t)]) = ... [4.6] 
... log((Intensity [DOBJEcn(t)])-log((Intensity [DOBJECT2(t)]) 
where Y1(t) represents the measured TPSF and DOBJECT1(t) represents the true 
TPSF for object 1, Y2(t) and DOBJECT2(t) represent the equivalent parameters 
for object 2, and the difference in the recorded datatypes from both 
measurements is only a function of the differences in optical properties 
(Hillman et ai, 2000). 
4.2.7.6 Data Pre-processing 
Pre-processing of the data is necessary to eliminate some datatypes 
contaminated by unacceptable levels of noise, which would otherwise cause 
artefacts in the reconstructed image. The first pre-processing step involves 
viewing the TPSF recorded for each source-detector combination (across the 
infant head) and reference phantom for the same source-detector pair, 
simultaneously (a programme was developed for this purpose VIEWTPSFS.m I 
MATLABTM), and rejecting those contaminated by noise. The common causes 
of noise are as follows: 
(a) Pre-peaks, if light passes directly between adjacent optodes due to poor 
optode contact, the TPSF exhibits a large pre-peak (figure 4.7). 
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Figure 4.7 
Reference Phantom 
Both TPSFs are contaminated due to pour coupling between optode-infant 
head or -reference phantom, and in both cases are manifested as a large 
pre-peak. This source-detector pair is normally rejected. 
(b)DC offset, this can be caused by (i) detected room light (due to poor optode 
contact) and (ii) excessive detector cross-talk (figure 4.8). 
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Both TPSFs are contaminated and the DC level which is probably from 
external light and the cross talk between neighbouring detector channels. 
This source-detector pair is normally rejected. 
(c) Absence of signal in one or both measurements (figure 4.9). 
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LEFT: No source signal. This source-detector pair is rejected and 
RIGHT: Reasonable coupling between source-surface of the infant head and 
very poor coupling between source-reference, which is probably of occurring 
due to the non-conformity of the surface of the phantom with the connector. 
This source-detector pair is rejected. 
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(d) Post-peak, due to cross-talk from a specific adjacent detector on the MCP-
PMT (figure 4.10). 
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Figure 4.10 Cross talk due to between neighbouring detectors channels from one single 
MCP unit. This source-detector pair is normally rejected. 
The second pre-processing step involves displaying the datatypes (mean 
flight time, intensity, phase, and variance). This uses a MATLABTM routine 
called VIEWDATA.m, and displays both infant and reference datasets as a 
function of source-detector (s-d) separation. It also calculates and displays 
differences between datatypes (based on equations 4.5 and 4.6), enabling the 
user to select and remove the bad data points (which generally do not 
correspond with the expected trend in either intensity or in mean time) and, 
finally, saving the modified datasets as different files, which will be used for 
the image reconstruction. 
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Figure 4.11 Deletion of "bad points" in intensity (0 ) and in mean time (0 ). 
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For instance, mean-time is expected to increase with the increasing 
separation, and the (natural logarithm of) intensity is expected to decrease. 
Data that severely departs from this expected trend are eliminated. 
Contaminated data can also be identified if the differences between object 
and reference are much greater than expected (figure 4.12). 
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Figure 4.12 Deletion of "bad points" in difference between mean time data and reference 
mean time data ỲŸŶĦĚ
The edited data are saved in new files, along with a new QM file. These files 
and the volume mesh are then used with TOAST to generate difference 
images. An illustration of this process is shown in figure 4.13. 
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Figure 4.13 Data processing steps for 3D optical tomography. 
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The reconstruction method used by TOAST is a non-linear process, where the 
first prediction of the forward model (data_simulated1) is compared with the 
measurements (data_real). The difference is used to update the forward 
solver and a second prediction is produced (data_simulated2). This 
distribution is fed back into the forward solver to calculate a new error, giving 
a new updated state and so on. This iterative cycle minimizes the error 
between the forward model predictions and the original data set. It is repeated 
until the (predefined) maximum number of iterations has been reached 
causing the program to terminate, and giving the internal spatial distribution of 
optical parameters. Figure 4.14 shows some iterations during the 
reconstruction of the absorption difference between an infant and a reference 
phantom (see section 4.2.7.5). 
#01 
# 15 #20 
Figure 4.14 Image reconstructed (Sagittal view) for various iterations (26 in total) for 
baby study 16 (see section 5.2.2.2) at 780 nm. 
TOAST performs these iterations using the data recorded at each wavelength, 
starting from a homogeneous estimate with properties corresponding to those 
of the reference phantom. More details and analysis of the images will be 
given in chapter 5. 
4.3 UCL Topography System 
A new CW optical topography system has been developed at UCL which uses 
software to demultiplex multiple source signals which are modulated at 
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different frequencies in parallel (figure 4.15) (Everdell et aI, 2005). This novel 
approach increases the flexibility in the positioning of sources and detectors 
compared to other systems that require multiple lock-in amplifiers (e.g. Hitachi 
ETG 100 optical tomography system described by Yamashita et al (1999)). 
SOURCE 
MODULES 
............................ DETECTOR 
MODULES 
Figure 4.15 UCL topography system with 16 laser sources and 8 photodiode detectors. 
Different optode arrays can be used with only small adjustments to the 
software. The current system employs 16 laser diode sources, (8 at 785 nm 
and 8 at 850 nm) and 8 avalanche photodiode detectors, but may eventually 
have 64 sources and 32 detectors. Figure 4.16 shows the block diagram of 
the laser source. 
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Block diagram of laser sources. 
To reduce the frequency drift between the different sources, a single 20 MHz 
quartz crystal oscillator provides all the frequencies to encode the square 
waves that are used to modulate the emitted light intensity from the diode 
lasers. A frequency divider reduces the original frequency to tens of kHz and 
to a unique frequency value, for each laser source. The square waves 
modulate the 16 laser diode sources, driven by frequencies ranging from 2 to 
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4 kHz. The frequencies are kept within one octave to prevent any possible 
interference from harmonics. Changes in light intensity of the sources are 
realized by a software-controlled digital potentiometer, with a mean power 
emitted per laser diode of -2 mW. 
The detection system is shown in figure 4.17. The current set up has 8 
avalanche photodiodes, and the detected signal is AC coupled into a low-pass 
filter (Capacitor blocks the DC level), to prevent aliasing with the 10kHz 
Nyquist frequency of the analogue-to-digital converter, which samples each · 
channel. The signal can be sampled directly from the APD (both dc and ac 
components) or from the output of the low-pass filter Oust an ac component). 
To separate the measurement signal from the different sources, a Fast 
Fourier Transform is applied. This new approach reduces the cost of 
increasing the number of channels which is usually achieved by introducing 
further lock-in amplifiers. A spatial map can be made with signal from the 
sampled tissue (Everdell et aI, 2005), (Everdell et aI, 2004). 
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Figure 4.17 Detector modules and block diagram of a single module. 
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The system is designed to produce images at 10 frames per second with a 
maximum of 32 detectors. However, the reduction of the number of detectors 
can increase the image rate (e.g. 40 frames/s with 8 detectors or even faster), 
which may enable imaging of fast physiological events, such as fast neuronal 
response in the brain (Francheschini and Boas, 2004). 
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A linear reconstruction algorithm is used for the UCL topography system to 
recover differences in absorption occurring near the surface and has been 
used to produce maps of cortical activation due to passive motor stimuli. This 
linear technique is more appropriate when reference data are available, which 
closely match the data of interest. Ideal data are those acquired before and 
during a change (e.g. due to cortical activation by stimuli), and provides a 
superior image quality when compared with non-linear reconstruction (Gibson 
et aI, 2005b). More details and analysis of the imaging process will be given in 
chapter 6. 
Chapter 5 
Performance of the Optical Tomography Head 
Probes 
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5.1 Introduction 
The ability to acquire optical imaging measurements from the heads of 
newborn infants has been limited by the lack of appropriate probes which can 
be (safely) attached to the head. In this section, new designs of probes for 
tomography are introduced and their performance is evaluated. The broad 
objective is to design a device to hold an array of optodes against a baby's 
head so that useful data can be measured reliably, easily and safety. The 
criteria for evaluation of the probes include the comfort and safety of the 
probes, the quality of the recorded data, the sensitivity to (head) movement 
and ambient light, and the effectiveness of coupling to the head (prevention of 
light leaking between source and detector bundles fibres around the surface 
of head). Initially, the design, characteristics and manufacture of the custom-
made helmets will be presented, and their evaluation based on the quality of 
data and image reconstructions acquired for clinical measurements. 
Thereafter the development of adaptable helmets (prototypes I, II and III) will 
be presented including the results of clinical measurements performed so far 
and a comparison between the prototypes and custom-made helmets. 
5.2 Analysis of the custom-made helmets (CMHs) 
5.2.1 First custom-made helmet prototype 
The first prototype of fibre holder was a custom-made helmet, which was 
manufactured by directly moulding a rigid thermoplastic ™ (which becomes 
flexible when it is warmed - WFR/Aquaplast Co. Wyckoff, NJ) using a 
cardboard template. The template was generated by taking transverse, 
coronal and sagittal digital photographs of the infant's head. The photographs 
were processed and scaled to real size, and the final cardboard template also 
included a 10 mm margin for the insulating foam. The template was used to 
make a suitable base for the back of the head and aT-shaped component 
which was attached to the forehead. The two parts had 32 plastic connectors. 
Each plastic connector (known as monstode) was made of black NIR 
absorbing plastic and used to hold the source fibres and the detector bundles 
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at a distance of -10 mm from the tissue surface (the first measurements 
employed separated source and detector fibres, although these later become 
integrated). A plastic base with 3 pillars was made to anchor the helmet and to 
help support the weight of the fibre bundles (figure 5.1). 
Figure 5.1 The first fibre holder. Extracted from (Hillman, 2002) (p278). 
The very first clinical study using a custom-made helmet (CMH) was 
performed on a healthy baby, 30 week gestation age. During the clinical 
study, the infant was held in the imaging cot for a total of 2.5 h and showed no 
signs of discomfort or even marks (Le. red spots) on the skin ŸẀŲȚŠȘŤĚof the 
head after data acquisition. This clinical study allowed evaluation of the 
effectiveness of calibration techniques. Preliminary 2D image reconstructions 
of oxygen saturation and blood volume were generated from 10 source-
detector locations confined to a single ring around the head. However, the first 
CMH showed some limitations, such as: 
• a prolonged period of the manufacture, which took -48 hours to mould the 
parts into a like-head surface and to attach the 32 plastic connectors to the 
parts; 
• light leakage from the T-shape part of the forehead; 
• some detectors at the base of the neck were obscured by the foam lining; 
• the attachment of the optical bundles was time consuming due to the 
number ·screws used to hold them in place; 
• the T -shaped component gave only limited coverage of the top of the 
infant's head, and 
• a higher density of illuminating points over the back of the head (22 
bundles or 67% of the total). 
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More details about this prototype and the plastic connector are given in 
(Hillman, 2002). 
5.2.2 Second custom-made helmet prototype 
The next prototype of helmet was also custom-made. However, it was made 
with a less rigid thermoplastic (3 mm thickness), which was more easily 
moulded. A template was again made from photographs (three orthogonal 
directions) and used to make a two-part helmet. The two parts were designed 
to be joined, forming a shell (figure 5.2). The interior surface of the shell was 
lined with soft NIR absorbing foam. Each fibre bundle was attached using a 
plastic connector. Initially, some clinical studies used the same plastic 
connectors used for the first helmet. However, a new design of connector was 
manufactured to accommodate the new integrated fibre bundles (shown in 
figure 4.3). 
Figure 5.2 (a) A cardboard representation of the infant's head, and (b) the custom-
made helmet attached with the fibre bundles from MONSTIR. 
Several clinical studies were performed using this helmet including those 
described in Hebden et al (2002), which reported the first 3D images of the 
newborn infant brain using transmitted light, and Hebden et al (2004), which 
described 3D optical tomography of induced haemodynamic and blood 
oxygenation changes within the brain of a ventilated newborn infant. Table 
5.1, extracted from Austin et aI, (2006), summarizes the series of 14 clinical 
studies that successfully acquired full sets if imaging data using 14 distinct 
customised helmets. 
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Table 5.1 Details of 14 babies scanned with MONSTIR using Custom-made helmets. 
BABY DETAILS 
BABY 
BIRTH AGE AGE AT CORRECTED CLINICAL 
STUDY [WEEKS +DAYa] STUDY [DAYS] AGE CONDITION COMMENTS # [WEEKS +DAYa] 
1 30+0 12 31+5 PRETERM BILATERAL IVH IMAGE RECONSTRUCTED LEFT>RIGHT ŊËJËŸMŸËJËNØĚAL, 2002), ___ ... _. __ ... 
2 39:J.'O 46 45 '+'4 HEAL THY TERM INSUFFICIENT LIGHT ACROSS THE HEAD 
37+0 37+3 VOLUME AND OXYGENATION DIFFERENCE 3 3 SEVERE BIRTH ASPHYXIA IMAGING 
(HEBDEN ET AL 2ClO<!L ___ ._ 
4 ÎĪGĢGŸĚ 42 ĨÍGĢGŸĚ RIGHTHPI ON CPAP, DID NOT TOLERATE HELMET 1-------- ĤĨÎŸŬĤĤĤ 36; :' 5 27 PRETERM ABANDONED DUE TO MOVEMENT 
---ŸVĤĤ 34+1-6 38 PRETERM BILATERAL IVH POOR OPTODE CONTACT 
7 ÎĮĢŸĚ 40 ĨÏGĢGŸĚ PRETERM IMAGE RECONSTRUCTED 
8 32+1 28 36+1 PRETERM TWIN, LOW HB IMAGE RECONSTRUCTED COUNT 
9 32'+'1 28 36+1 PRETERM TWIN POOR OPTODE CONTACT 
10 29w- 39 3:;f'4 PRETERM TWIN IMAGE RECONSTRUCTED 
11 29+0 39 34+4 PRETERM TWIN, LEFT IMAGE RECONSTRUCTED IVH _. 
12 26'+'1 92 39+:.! PRETERM POOR OPTODE CONTACT 
----ŸGȚĚ ĨĪĶȚŸĚ '-13 25 PRETERM IMAGE RECONSTRUCTED 
_._--_._ .... 
-.-- 32+'----" ._ ... _._--- GĤŸĤŃĪĚ14 25 PRETERM IMAGE RECONSTRUCTED 
IVH: INTRAVENTRICULAR HAEMORRHAGE HPI: HAEMORRHAGIC PARENCHYMAL INFARCT 
CPAP: CONTINUOUS POSITIVE AIRWAY PRESSURE HB: HAEMOGLOBIN 
5.2.2.1 Manufacture of the CMHs 
As a part of this Ph.D. project, a further five customised helmets were made 
for clinical measurements following the procedure previously described. The 
design of these prototypes included modifications to the mechanical 
characteristics of the second custom-made prototype. These attempted to 
address problems associated with adjustments, the time consuming process 
of manufacture, the possible re-utilisation of the parts for different babies, and 
the quality of the data for image reconstruction. Figure 5.3 shows the parts of 
one of these latter CMHs. 
Figure 5.3 Two-parts custom made helmet: (a) the top shell, (b) the bottom shell 
(note a circular ring) and (c) the final helmet 
After the manufacture of each customised helmet (- 6 to 10 h per helmet) and 
a few days before the clinical study, one or more fitting-checks were made to 
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evaluate the quality of the fit and the coupling of the plastic connectors to the 
baby's head (time required -15 minutes). Figure 5.4 shows a baby during an 
initial check of a custom-made helmet, assisted by a nurse. 
Figure 5.4 Baby performing a fitting-check of the custom-made helmet. 
In comparison with the first helmet described in section 5.2.1, later prototypes 
had: 
• a more uniform distribution of the 32 optodes over the surface of the head; 
• more flexibility in the helmet design provided by the new plastic connectors, 
and 
• a more rapid attachment of the integrated fibre bundles. 
5.2.2.2 Clinical measurements and Performance of CMHs 
A" the babies were preterm and each study began immediately following a 
feed (when the infant would most probably sleep). The helmets were cleaned 
and sterilized beforehand, and parental consent was obtained to perform the 
experiments. Figure 5.5 shows a baby comfortably settled in the cot with the 
head placed inside the helmet. Table 5.2 shows some general details about 
the 5 babies scanned with the CMHs. 
Figure 5.5 Baby settled inside the cot with the custom-made helmet during a clinical 
study. 
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Table 5.2 Details of 5 babies scanned with MONSTIR using CMHs. 
BABY DETAILS 
BABY STUDY BIRTH AGE AGE AT STUDY CORRECTED AGE OFC* CLINICAL CONDITION # [WEEKS +DAY') [DAYS] [WEEKS +DAY') [em] 
15 26"'1 92 36+ 1 32 PRETERM HEALTHY 
16 32+1 25 ĨŐĢŸĚ 34 PRETERM HEALTHY 
17 32"'1 25 ĨĪĒJŸĚ 34 PRETERM HEALTHY f-. 
28:t=u 34"'0 18 48 35 PRETERM HEALTHY 
19 31+"'- 35 36:"1 29.3 PRETERM HEALTHY 
·OCCIPITOFRONTAl CIRCUMFERENCE (OFC). FOR THE CORRECTED AGE ABOVE THE EXPECTED RANGE OF OFC IS -30 TO 35 CM (SEE FIGURE 5.9). 
The studies were performed at the cots ide with the fibre bundles attached on 
the helmet. The typical sequence employed for static imaging is summarised 
in table 5.3. 
Table 5.3 Data recording with MONSTIR system and using Custom-made helmets. 
GENERAL SEQUENCE 
SEQUENCE COMMENTS 
1 ADF DATA ACQUISITION ŸŸØŸÓĻØĦĪMĚÖŎŌĦŸŸŸŸĚŃŌĦŸĲĦÖØŸǾÓĚPOSITIONS OF THE VOAs t:.. 20 MIN). 
2 DATA IMAGE ACQUISITION STATIC IMAGE ACQUISITI0.!'l (-12 MIN PER DATASET). 
r-3- -". CALIBRATION DATA ACQUISITION ŸŁŐĿĻÒĔĚW1.tpS & ABSCAL# W2.tpS. 
4 REFERENCE DATA ACQUISITION FIT OF THE REFERENCE BALLOON INSIDE THE HELMET, FILLING IT WITH INTRALIPID SOLUTION {- 20 MIN) & ACQUISITION {-1.? MIN). 
-5-r-CONNECTOR POSITIONS ŸNĻŐǾŎNÓNÔØŐĚMADE WITH DIGITISER ARM FOR FEM MODEL (- 15 MIN). 
Data are composed of a set of TPSFs from which various datatypes are 
extracted (section 4.2.7.4). For image reconstruction less sensitive to 
inaccuracies in the optode position measurements, a difference imaging 
method is performed (section 4.2.7.5). Initially this involved acquiring a set of 
TPSFs from a homogeneous reference phantom (a white rubber balloon -
figure 5.6) filled with a scattering fluid (mixture of 10% Intralipid™, water-
soluble NIR dye, and distilled water) and with overall optical properties of Ils' = 
1 mm-1 and 118 = 0.01 mm-1• These values are chosen to be within the range of 
the properties of grey and white matter of neonatal brain tissue (van der Zee 
1992). The balloon is attached via plastic tubing to a reservoir containing the 
scattering fluid, with valves and a 60 ml syringe in the circuit to facilitate filling 
and emptying of the balloon. A validation of this technique has been 
performed using appropriate phantom experiments (Yusof et ai, 2003). The 
disadvantage of this approach is the tendency of the near-spherical balloon 
not to deform sufficiently to make contact with all the optodes in the helmet, 
which results in a loss of data. Later, the optode positions are measured with 
a digitiser arm. A more detailed sequence is given in section 5.3.2.1. 
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White rubber balloon 
Valve for 
filling/emptying 
intralipid 
Figure 5.6 The homogeneous reference phantom. 
The quality of the data acquired using a customised helmet is dependent on 
the coupling between the surface of the baby's head and the optical optodes 
attached to the helmet. Poor coupling can contaminate the data with ambient 
light and/or light leakage between sources and detectors around the surface 
of the head. Thus, the quality of the data provided by the helmets may be 
evaluated quantitatively by considering the percentage of un-rejected data, 
which is determined from the final OM file (sections 4.2.7.4 and 4.2.7.6), and 
from the original ADF (section 4.2.3). The table 5.4 shows the values of this 
percentage for each customised helmet used with the respective babies and 
the final average performance. 
Table 5.4 Evaluation of custom-made helmets. 
PERFORMANCE OF THE CUSTOM MADE HELMETS 
BABY STUDY 15 16 17 18 19 
THE TOTAL NUMBER OF CHANNELS 1024 1024 1024 992 992 
_ .9:9SED CHANNELS LQJ. - ADF 73 96 46 86 -'---:r3E5-
ACTIVE CHANNELS (AC) 951 
--
928 978 906 856 
OM FILE (UN-REJECTED DATA - URD) 272---- 480 721 454 456 
'2sr--------,."----- ---'4 cf6--" 
___ .!3EJEClED pATA (= AC - URD2 _ __ 679 448 452 
PERFORMANCE OF EACH HELMET 28.6% 51.7% 73.7% 50.1% 46.7% (= (URD/AC).100%) 
AVERAGE PERFORMANCE 50.2 :1:16.1 % (66.6:1: 12.3% WITHOUT BABY STUDY 16)1 
ŸĻŒNŎĻŇNĚPERFOMANCE DEsCONSID'ERit:'m THE SMALLEST PERFORMANCE OF THE STUDIES 
-
The performance of the customised helmet for baby study 15 shows a 
significantly higher rate of rejected data (the lowest performance of the five 
studies), which is due to excessive contamination of the data by ambient light 
and light leakage. In an attempt to reduce further contamination in following 
studies, the procedures for moulding the shells, attaching the plastic 
connector and fitting were reviewed to improve the conformity of the shells 
with the babies' heads. 
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The subsequent baby studies 16 and 17 were performed on the same day 
(twins with the same OFC). For these studies two top sections were 
manufactured to be used with a common bottom section. Although, the helmet 
performance of both studies was above 50% of useful data (including the 
highest performance of the five studies), it was highly varied. A particular large 
non-conformity of the shells for the CMH of baby study 16 was noted. Thus, 
the two parts of the helmet (top and bottom sections) should be custom made 
for each baby and re-utilization of parts was avoided for the next two studies. 
Both performances were slightly near 500/0 of useful data (the performance of 
each helmet was 50.1 % (baby study 18) and 46.7%) (baby study 19)). Some 
head movement and discomfort (crying) was noticed during baby study 19, 
which is a likely cause of reduced performance of the customised helmet 
during the experiment. Images were successfully reconstructed from four of 
the five studies. Just one experiment (baby study 15 - table 5.2) failed to 
provide sufficient data. For instance, figure 5.7 shows coronal, transverse and 
sagittal views across the 3D images of baby study 17 and represents the 
distribution of absorption at 780 and 815 nm respectively. 
CORONAL SLICE TRANSVERSE SLICE SAGITTAL SLICE 
Pa = 0.006mm'1 Pa = 0.027 mm,1 
Pa = 0.006 mm,1 Pa = 0.036 mm,1 
Figure 5,7 Reconstruction absorption images from evaluation of baby study 17 at 780 
(top) and 815 nm (bottom), 
The coronal and transverse slices are centred on the expected locations of 
the cerebral ventricles. The coronal slices exhibit a horizontal band of reduced 
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absorption across the image, which is probably due to light pathway through 
the CSF-filled regions, via Sylvian fissures as illustrated in figure 5.8. The 
current inability of TOAST to model non-scattering regions contributes 
towards this feature. Until more sophisticated reconstruction techniques can 
be employed (Riley et ai, 2000), this and other possible object-dependent 
artefacts must be taken into account when attempting to interpret optical 
tomography images of the newborn infant brain. 
Light pathway 
through the CSF-filled 
region via Sylvian 
fissures 
Representation of light pathway on 
the reconstructed absorption image 
Region of higher 
absorption 
Region of reduced 
absorption 
Figure 5.8 LEFT: a path which light can take across the brain, via the CSF-filled Sylvian 
fissures and the central ventricular system with a minimum scatter. RIGHT: A 
Coronal slice shows a region of low absorption and minimal scattering. 
5.2.2.3 Conclusions and Discussion of the performance of the CMHs 
Attaching 32 optical fibre bundles (MONSTIR) to the infant head is not a 
straightforward task, due to the shape and fragility of the baby's head. 
Although, the design of a customised helmet has been proven to be both 
clinically acceptable and effective (see Hebden et a/ (2004), Hebden et a/ 
(2002», it has some limitations, such as: 
• the construction of the helmet is time consuming (6 - 10 hours), which 
does not allow it to be used if imaging is required urgently; 
• a customised helmet is only suitable for a specific infant (it is recommended 
not to re-utilize parts of a helmet for another subsequent study), and 
• one or more fitting-check is necessary to make final adjustments, especially 
due to the lack of a more representative model of the baby's head. 
Therefore, an adjustable or adaptable helmet is required to accommodate a 
large range of head shapes and sizes, and to overcome the .Iimitations of the 
custom-made helmets. 
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5.2.2.4 General Recommendations (GR) 
The design of a device to hold an optical array against an infant baby's head 
can be specified in terms of essential and desirable requirements, which help 
to gather useful and reliable data easily and safely. Based on experiences 
with the custom-made helmets, these requirements can be specified as 
follows: 
GR I. The optical array must acquire useful data, which requires a good 
contact between the head and the optodes (source/detector bundles), and 
exclusion of external light reaching the detectors. The amount of useful data 
may be expressed in terms of the percentage of un-rejected data (e.g. table 
5.4 shows the performance of each helmet and its average value for 
customised helmets: -50% of the useful data from the available channels, 
which may be established as a minimum performance of the helmet). 
GR II. The probe must have a rigid geometry to allow accurate and stable 
measuremenUdetermination of the locations of the fibre bundles. The method 
of difference imaging relies on identical optode positions for infant and 
reference measurements. This improves the accuracy of reconstructions by 
removing systematic errors and eliminates the effect of coupling coefficients 
on the intensity measurements. 
GR III. The probe must be portable and accommodate a baby's head safely, 
and be quickly and easily removed for emergency nursing care. 
1. The portability of the probe is desirable to enable MONSTIR to be used at 
the cotside in intensity care. Figures 5.1 and 5.2 show helmets, which are 
portable and can be easily accommodated inside cots. 
2. It is desirable to easily and safely attach and de-attach the fibres bundles 
from the connectors of the helmet, without specialized skills or tools. 
3. It must be possible to access to the baby quickly for emergency nursing 
care, with parts of the helmet easily and safely removed from the rest of 
the frame. 
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4. The surfaces in contact with the baby must be covered with protective soft 
foam and must not cause pressure marks on the infant's head. 
5. Protective or supporting parts of the helmet must not exert excessive 
pressure on the infant's head. 
6. The natural cavities (ears, nose and eyes) must be completely shielded 
from the incident NIR-light, especially the eyes. 
7. It is desirable that the whole structure of the helmet is compatible with 
other medical apparatus (e.g. nasal tubes, feeding lines). 
GR IV. The optical array must provide an adequate yet safe exposure of the 
skin to each source fibre (the profile of the light emerging from the current 
source fibre is Gaussian). 
1. It is desirable that the angle between the beam and skin surface is 90 
degrees. 
2. The optical connector must maintain the ends of the fibres at a distance of 
-10 mm above the scalp, illuminating a circular area of 6 mm diameter 
(see figure 5.10). 
GR V. The probe must support the weights of the baby's head and the 
attached fibre bundles without collapsing. If we make the reasonable 
assumption that the weight of an infant head is no greater than 25% of the 
total weight, it is possible to estimate the minimum weight which the probe 
. must support. Figure 5.9 gives the maximum weight of 4.5 kg at full-term, and 
consequently a weight of the baby's head is -1.13 kg. The total weight of the 
32 fibre bundle is -0.8 kg. Thus, the minimum weight which the probe must 
support is -2 kg. 
GR VI. The optical array needs to be adaptable to a large range of sizes and 
shapes of babies heads, providing maximum possible coverage of the scalp 
for 3D image reconstruction of the brain. The overall head shape is closely 
related to the bony structures of the skull and the shape of the underlying 
brain. Any alterations of the head shape can be the result of unusual brain 
growth or effects of illnesses (see section 2.5). A common and practical 
method of evaluation of the skull size and shape is to use the chart· of head 
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circumference versus (gestational) age (figure 5.9). This chart is used to give 
an estimated range of head size that the optical probe should accommodate. 
Thus, the gestational age range from 24 to 40 weeks gives a range of head 
diameter of -6 to 11.2 cm (or -22 to 35.2 cm of head circumference or 
occipitofrontal circumference, OFC). 
Oiiil .0......... ..-':' :1;': ĒŸĤŸ JÙĦGJJŸJĤŚ ĦŸĒĚ ", 
an -r ... HŸĚ MALe Huo ĿŸGĠĚ... ĿGJPÜŸĚ .. , ',. 
Figure 5.9 
- ŸGĦĒĚ .-- .,.. --- , .. HĦGŸĦĚ ,.;., . ..:. HŸĤGĚ
Male head circumference chart (sizes for girls are fractionally smaller). 
Extracted from (Johnston, 1998) (p45). 
5.3 Adaptable Helmets (AHs) 
5.3.1 Adaptable helmet prototype I 
The first prototype of the AH was developed using the same sort of flexible 
thermoplastic used for the custom-made helmets, and a new plastic connector 
was designed to allow radial translation of the fibre bundles. The dimensions 
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of the connector and its open aperture are largely dictated by the divergence 
of the source beam, as shown in figure 5.10. 
LIMITS OF THE FIBRE BUNDLE HOLDER 
<' .............•...........•.•.......•.•.•.....•........•......... ŸĚ
10mm 
Figure 5.10 The beam light divergence. 
It is advantageous to hold each source-detector optode at some distance from 
the surface because: (a) illuminating a larger area allows a higher power to be 
used before exceeding safety limits for skin irradiance (Maximum Permissible 
Exposure, MPE - 2 mW/mm2 - (Schmidt, 1999», (b) the larger area also 
reduces the influence of small head movement, the presence/movement of 
hairs (small scale irregularities at the head surface), which brings benefits to 
the reconstruction algorithm (see section 4.2.7.5), and (c) the connectors 
provide extra protection to the tip of the bundle and reduce the risk of it being 
damaged. Thus the connector design holds the optode at a distance of 
approximately 15 mm from the surface of the uncompressed foam, providing 
an illumination area of the diameter 6 mm. Figure 5.11 shows the final design 
of the fibre bundle connector. 
Attaching Ring 
[] 
<P6mm 
'Cllck Effect ŸŸĚ............ GŸŸĚ............. See 
.... : 
Ferrule I. ... ..! 
35mm <P 18mm ........... . 
Ferrule 
...•. 
<P4mm 
15mm 
Fibre Bundle Holder 
........... Beam light divergence (figure 5. 10) with Ferrule 
Figure 5.11 The Fibre Bundle Holder with ferrule and attaching ring. 
When the fibre cable holder is used in phantom studies and clinical 
measurements, the flange's foam is (carefully) compressed against the infant 
head (or phantom), changing its thickness and consequently the distance of 
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the ferrule from the surface. The design of the holder takes into account that 
the thickness of the foam will be altered by a few millimetres. However, the 
divergence of the source beam wi" remain the same, and the hole in the foam 
restricts the diameter of the illuminated surface to 6 mm diameter (figure 
5.12). 
FOAM UNCOMPRESSED 
ClJ18mm 
FOAM COMPRESSED 
Gap between the end of 
the cable and the flange 
1 Foam is 
Foam un-compressed ;1 1 compressed 
: against the 
Region where a portion of the 1 J surface 
beam is absorbed by the foam Ÿ··Ě••••••••• " ••••••.••••••. JJĦJȚJĦJJJJĦJJJĦJJJĦJŸĚ...................... . 
Beam divergence is confined to the maximum ...................... .... 
of 6 mm diameter 
Figure 5.12 The effect of compression on the flange's foam and the divergence of the 
light beam: (a) the foam is not compressed - the distance source-detector to 
the surface is -15 mm and part of the beam is absorbed by internal walls of 
the NIR absorbing foam, given a final area with a 6 mm diameter; (b) the 
foam is compressed - and compression reduces the thickness of the foam 
to about half, and the final area illuminated is about the same. 
Another feature of the fibre holder is the utilization of a special ring to grip the 
bundle inside the holder. This ring: (a) avoid screws to grasp the fibre inside 
the bundle and (b) makes it easy to attach and de-attach the bundles to the 
helmet. The ring is translatable along the length of the bundle. Figure 5.13 
shows the ring with its mechanical features. 
A TTACHING RING 
Flange's slot 
Flexible ring's flanges 
ClJ6mm 
CIJ 7.Smm 
ClJ6.Smm 
Movement of the 
flange 
Figure 5.13 The ring attached to the cable. 
.......................... 
Ring is translatable 
along of the fibre 
bundle. 
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The ring has a slot which enables it to be easily attached around the bundle 
and to be translated along the bundle. The ring also has flexible flanges with 
slots that allow the ring to be compressed and "click" securely into the end of 
the holder (figure 5.14). 
Aperture o( the holder (AH) 
Aperture o( the 
flange 's ring 
(AFR) 
Y>: •••• j"' ... ::f 
Movement o( the ring .. J 
THE CLICK EFFECT 
.................... :r 
Holder for the fibre 
bundle cable 
Figure 5.14 Attachment mechanics. 
..................... ŸĚ
Fibre Bundle 
Holder 
Movemento( 
the ring against 
the aperture o( 
the holder. 
For accurate imaging the positions of the fibre bundles must remain stable (or 
unchanged) during the study and phantom reference measurement. A position 
ring is used with the fibre bundle holder, enabling the radial translation of the 
bundle inside the helmet (figure 5.15). When the flange's foam is in contact 
with the surface (without excessive pressure), the position screw is tightened, 
fixing its position. 
CI> 14mm 
Cl>10mm 
Position 
Screw 
... t 
ŸĤĤĤĤĦĞĚ "'r 
14mm 1mm 
PosmoNRING 
Figure 5.15 The position ring and its attachment to the plastic connector. 
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An additional ring attaches the connector the helmet's thermoplastic shell 
(figure 5.16) also giving stability for the position ring-bundle connector set. 
CI> 14mm 
Cl>10mm 
Holder's Ring attached to the frame 
HOLDER'S RING 
Thermoplastic 
Figure 5.16 The holder's ring alone, and assembled with the position ring. 
The complete connector with all its components is shown in figure 5.17. 
FIBRE BUNDLE CONNECTOR 
Holder Ring 
Position Ring 
Position 
Screw 
Fibre Bundle 
Holder 
'- NlRFoam 
Figure 5.17 The complete fibre bundle connector and its parts. 
Attaching Ring 
Fibre Bundle 
The frame of the helmet was constructed using a similar process to that used 
for the custom-made helmets. The helmet was divided into two thermoplastic 
shells. The thermoplastic was moulded into shape using a card model based 
on the head of a plastic doll. The head size of the doll was that of a typical 
term infant (figure 5.18). 
Figure 5.18 LEFT: The reference (term) baby with 35.2 cm of OFC and RIGHT: the card 
model to mould the warmed thermoplastic. 
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The two parts of the frame were: (a) the inferior part or bottom shell which 
supports the back of the infant's head and part of the neck and carries the 
weight of the head; and (b) the superior part or top shell which was designed 
to cover the forehead, part of the top of the head and the temples. Both parts 
were designed to be joined together, forming a complete shell (figure 5.19). In 
this shell were punched 32 holes (connector positions), distributed around the 
head, in which the translatable plastic connectors were attached. In each 
case, the direction of translation of each connector is perpendicular to the 
shell surface. A 10 mm-thick ring of soft foam (containing a 6 mm-diameter 
hole) is mounted on a plastic flange on the end of each connector. The 
features of the design are listed below. 
FEATURES OF THE FIRST PROTOTYPE 
HEAD CIRCUMFERENCE MAX 36cm 
(OFe) MIN 22cm 
MIN - 250 cm3 
INTERNAL VOLUME 
-1'20-0 c,:nr-MAX 
-
TOP SHELL 9 
CONNECTORS ............. _ ..... _---CORONAL 23 RING 
Figure 5.19 First prototype of adaptable helmet. 
Initial testing of the AH prototype I was made using a plastic dolls' head and is 
illustrated in figure 5.20. 
Figure 5.20 First prototype of adaptable helmet which was designed to accommodate 
head sizes of infants from 24 weeks gestational age (OFC = 22 cm) to term 
(OFC = 35.2 cm). 
Like the custom-made helmets (figures 5.1 and 5.2), the adaptable helmet is 
also supported by a plastic base with four pillars as shown in figure 5. 21. An 
initial test of the helmet on the support base was carried out. All 32 fibre 
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bundles were attached to the respective plastic connectors and no 
deformation of the shell was observed due to the weight of the fibre bundles. 
Figure 5.21 First prototype of adaptable helmet attached to the 32 MONSTIR fibre 
bundles. 
Prior to the first test on an infant, it was important to clean the helmet, which 
involved wiping detergent and alcohol on the foam covering each connector 
on both shells. Then the whole frame was placed inside the cot and the infant 
head was positioned within the shells. 
5.3.1.1 Evaluation of the AH prototype I design 
The main observations resulting from the initial fitting of this prototype are 
summarized in figure 5.22, and the extent to which the helmet meets the 
general requirements (see section 5.2.2.4) are discussed. 
2. The helmet appeared to cause a degree of 
discomfort to the baby, especially due to the 
curvature of neck and imbalance of the 
shoulders. 
3. The eyes are partially covered, which babies 
usually do not like. Also the head is tilted to 
one side, indicating an irregular adjustment 
of the connectors over the back of the baby's 
head and probably causing discomfort. 
1. The distribution of the weight of the baby's 
head was irregular, producing a noticeable 
pattern of red spots on the rear of the infant 
head. 
2. The contact of the connectors on the bottom 
part with the head was poor and irregular 
(note the optode inside the region defined by 
the circumference). 
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1. The frame was strong enough to support the 
weight of the neonatal head (especially the 
bottom shell). 
2. The translation of the connectors was 
sufficient to fit the whole baby's scalp. 
1. The helmet was tipped to compensate for 
the curvature of the bottom part; causing 
motion and discomfort to the baby (note the 
hands holding the baby). 
Figure 5.22 Fitting the 1 st prototype of adaptable helmet on a healthy baby of 35 weeks 
gestational age and head circumference of 34 cm. 
The prototype was evaluated accordingly with the general recommendations 
established in section 5.2.2.4. 
GRI USEFUL DATA I REQUIREMENT STATUS I OUTCOME GRI I ESSENTIAL I NOT TESTED 
FINAL STATUS NOT TESTED 
GRII OPTODE LOCATION I REQUIREMENT STATUS I OUTCOME GRII I ESSENTIAL I NOT TESTED 
FINAL STATUS NOT TESTED 
SAFETY REQUIREMENT STATUS OUTCOME 
GRill 1 DESIRABLE PASSED 
GRill 2 DESIRABLE PASSED 
GR III GR 1113 ESSENTIAL PASSED 
GRII14 ESSENTIAL FAILED 
GR 1115 ESSENTIAL FAILED 
GRII16 ESSENTIAL FAILED 
GRill? DESIRABLE NOT TESTED 
FINAL STATUS FAILED, THE DESIGN HAS FAILED IN THREE OF FOUR ESSENTIAL ITEMS RELATED 
WITH SAFETY. 
SKIN ILLUMINATION REQUIREMENT STATUS OUTCOME 
GRIV GRIV1 DESIRABLE FAILED 
GRIV2 ESSENTIAL FAILED 
FAILED, THE DESIGN HAS FAILED IN 100% OF ITEMS RELATED WITH ADEQUATE 
FINAL STATUS EXPOSURE OF THE SKIN, ESPECIALLY DUE TO THE POOR AND UNEVEN CONTACT 
WITH THE BABY'S SCALP (SEE FIGURE 5.22). 
GRV PROBE STRESS I REQUIREMENT STATUS I OUTCOME GRV I ESSENTIAL I PASSED 
FINAL STATUS PASSED (SEE FIGURE 5.21). 
GRVI PROBE COVERAGE I REQUIREMENT STATUS I OUTCOME GRVI I ESSENTIAL I PARTIAL SUCCESS 
FINAL STATUS PARTIAL SUCCESS, THE EVALUATION OF THIS ITEM WAS ONLY PERFORMED ON 
PHANTOM HEAD, A REALISTIC DOLL HEAD, AND ONE BABY (SEE FIGURE 5.20). 
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5.3.1.2 Additional recor:nmendations for helmet designs 
Following the fitting of the prototype on the infant, it was modified to eliminate 
gaps between the connectors and the head, to more evenly distribute the 
infant head weight over the connectors on the bottom part, and to eliminate 
any possible cause of uneven pressure on the infant head. Therefore, some 
new recommendations were added to the design of the adaptable helmet to 
overcome its early limitations and less successful outcomes. The following 
was added to GR III: 
8. Design ergonomics parameters have to be taken in account to better 
accommodate the infant's head, such as the mean head width and the 
mean head length (see figure 5.23). For babies from 27 weeks to term, the 
range of head width is -6.4 to 9.4 cm, and head length -8.4 to 11.4 cm. 
B 
HEAD LENGTH 
@ .. 
---
HEAD WIDTH 
Figure 5.23 
120 -,--------:---:--- ----:-- --------:------, 
i :: · Ħ ÑŸŸTŸŸJGŸ JJJĦJĦ JĚ.. ØĦ · ·· ·Ņ · Ÿ·· Ø· · ŸJJWŸ ·Ě
i 90 . • ... . . T.'t ... , ŸĦJ JĦ J H ŸĚ... Ÿ Ħ· ŸJJ JÒŸ ĦĚ
ŸĚ ŸĒ GŸ ĒG ĦĚ .. . 
ŸĚ 80 ....... : ....... "."".''' . ŸĚ... ŸJĚ ........... : ................. , ............ : ...... . 
ŸĚ 70 ............. L ........ ... ;.1.:.: .... : ... ·. : ....... .... . : .. Head Width 
..... . .. .A .. : 
ŴŸŸŸŸŸŸŸŸŸŸŸŸŸŸŸŸŸŸŪĚ
26 28 30 32 34 36 38 40 42 
Gestation Age (weeks) 
Averages of head width and head length, for both sexes, as a function of 
gestational age. Extracted from (Hall et ai, 1989) (p105 &107). 
Also, to GR IV was added: 
3. To provide an even illumination and an even distribution of the weight of 
the infant's head in the bottom part of the helmet. 
5.3.2 Adaptable helmet prototype II 
A second design of adaptable helmet was manufactured and evaluated. It 
was again built of thermoplastic and consisted of three parts: a lower pad 
(which couples nine fibre bundles to the rear 'of the head), a fixed coronal 
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section supported by the base (attaching bundles to the top and sides of the 
head), and a top section (attaching bundles to the forehead) which was 
hinged at the back to facilitate rapid attachment and removal of the helmet -
especially in emergency nursing care - (figure 5.24). The development of each 
part of the helmet is described in detail below. 
Top Section 
Lower Pad ..... .. ....... j •••• _ ...... M_· 
........ Coronal Section 
Central Pillar ......... i, ••••••••• _ •• , 
Figure 5.24 The AH prototype II. 
First, the foam-lined and vertically-adjustable lower pad supports the weight of 
the infant head, distributing the weight over the pad, and is constructed from a 
deformable aluminium plate to allow conformity to the contour of the head. 
There are three slots in each side of the plate which help it to bend in 
accordance with the rear of the infant's head (figure 5.25). 
....... Additional foam for protection & 
comfort of the rear of the head 
The whole plate is lined with foam 
JJJĶJJÍŸÍŸŸŸŸŸJŸŸĶŸŸĒĦĒGĒĚ Holes for the bundle holder screw (et> 4 mm) 
26mm 
et> 11 mm 
.. Slot of tI> 5 mm x 27 mm 
Aluminium plate of 
110 x 70mmx 1mm 
Support neck foam 
Figure 5.25 Aluminium plate used for the lower pad. 
A non-translatable connector was designed for the lower pad which is fixed in 
the bottom plate using a holder ring (figure 5.26). 
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CI> 14 mm 
Cl>6mm 
E 
E 
ŸĚ
Gap of 
4mm 
THE LOWER PAD CONNECTOR 
Figure 5.26 The connector for the Lower Pad. 
The rear 
infant's head 
bundle is fixed 
by the screw 
104 
Fibre Bundle 
The fibre bundles are attached to the connectors of the Lower Pad using 
screws, which prevent them falling out under gravity. A central pillar enables 
the height of pad to be adjusted and supports the weight . of the infant's head 
(figure 5.27). 
Flexible foam for 
protection and 
comfort 
THE CENTRAL 
PILLAR 
Distribution of the 
weight of the head <0 {lD,D, 
The cable holder-
screw of the 
Central Pillar 
Figure 5.27 Lateral view of the lower pad showing the adjustment in height. 
The central pillar is hollow and contains a large lateral opening, which enables 
an optical bundle to pass through and to be held by one fibre bundle 
connector in the centre of the lower pad. A holding screw enables the pillar to 
be fixed at a specific height (figure 5.28). Thus, the whole pad is translatable. 
A fibre bundle holder within the pillar is the same as those used in the rest of 
the helmet, except it is given a smaller flange. 
CI> 22 mm .......... .-:;::::=;::::::::::--
r--t==:::::::::!====::::r1 1 
Positional 
Screw 
"Leg" of the 
pillar 
Cl>8mm 
Ÿ NĚ
: E 
: ...... 
: N 
........... ! .......... ./ 
CI> 11 mm 
Cl>3mm 
CI> 22mm ....... 
PARTS OF THE 
CENTRAL PILLAR 
CI> 14mm 
Figure 5.28 Parts of the central pillar. 
LĤJJHĴĴJJJĨJJJŲJJJJŸĚCI> 13 mm .... 
Gap of 
4mm 
Ferrule 
Cl>6mm 
Modified 
Fibre Bundle 
Holder 
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Figure 5.29 shows the central pillar with a fibre bundle inside and all 
connectors attached to the plate. 
Gapof4mm .......... IŅŸŸŸĚ
Screw for 
height's control 
CENTRAL PILLAR 
& 
PAD 
Cable holder-
screw 
Fibre optical 
bundle 
INFERIOR VIEW OF THE PAD 
• 0 
/ ...... /) .....• \ 
• i • i 
'9 Q! 
................. 
• 
Support for the Neck 
Figure 5.29 The final assembly of the central pillar and superior view of the plate without 
the foam and with the 9 connectors. The red spots indicate the ends of the 
bundles. 
Figure 5.30 shows the final arrangement of the central pillar with the 
aluminium plate-connectors, and its conformity with head of a plastic model of 
a term baby. 
Figure 5.30 The Lower pad with a plastic baby's head showing the conformity between 
the two. 
In addition, a new rigid base with three movable pillars was made to support 
the whole adaptable helmet, giving better stability for the final arrangement, 
allowing it to be moved and tilted at an adjustable height and also enabling 
access to attach the bundles to the connectors on the lower pad (figure 5.31). 
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Holes for fixation of 
the Coronal part of 
the AH prototype /I 
Screw for 
height's 
control 
4>Smm 
150 x 150x 1Smm 
SUPERIOR VIEW OF THE TOP PLATE IMTH 
THE SUPPORT PILLARS 
Delrimbase 
Screw for fixation of the pillar on the plastic base 
Figure 5.31 The support pillar and the top plate. 
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The base plate which the pillars is joined hinges to a lower plate, enabling the 
base to be rotated by 90° (figure 5.32). This mechanism is useful for reference 
measurements on phantoms (balloon or latex head) in imaging experiments 
as described later in section 5.3.2.1. 
BasePlate 
Metal slot 
get 
Figure 5.32 The jointed base. 
Support & Central 
Pillars 
Bottom Plate 
JOINTED BASE 
BasePlate 
Bottom Plate 
The shapes and sizes of babies heads are very variable. Thus the AH 
prototype " was designed to accommodate head sizes of infants from 24 
weeks gestational age to term. In addition, the design also took into account 
some general observations on infant heads (figure 5.33), such as: (a) the 
lateral parts of babies' heads are normally flat; (b) the rapid change in 
curvature of the rear in comparison with the top of the head; and (c) the top of 
the head is often somewhat pointed. 
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Figure 5.33 General observations about the flat region, the difference in curvature and 
the top region of the infant head. The babies above are healthy twins 36 
weeks +2 old (baby at left has 36.5 cm of OFC and baby at right has 32.4 of 
OFC). The other two babies below are also healthy, the baby on the left is 
37 weeks old and 36 cm of OFC, and on the right is 32 weeks old and 
29.3 cm of OFC. 
The difference in curvatures and the pointed top region were also considered 
during the design of the coronal section of the helmet (figure 5.34). The fibre 
bundles in the coronal section are coupled to the head using connectors 
which allow the bundles to be translated radially and then fixed in appropriate 
positions. 
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Coverage of the top 
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baby's head 
Coverage of the flat region of 
the baby's head 
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ØÙUĦGŸĦĦĦĦĦ Ħ Ħ ĦĦĚ Support for the neck 
Figure 5.34 The coronal section with 11 possible connector positions. 
The top section was developed to cover the region between the forehead and 
the top of the head and part of the lateral regions not covered by the coronal 
section. This is the most challenging region for this prototype because of the 
large variation in head curvature among babies (figures 5.35 and 5.36). 
Figure 5.35 Design of the top section (Note the two first two babies on the left are twins). 
Figure 5.36 The top section with 12 possible connector positions. 
The final assembly of the second prototype is shown in figure 5.37 and again 
is suitable for fitting babies from 24 weeks to term. 
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FEATURES OF THE SECOND PROTOTYPE 
-_._-
HEAD CIRCUMFERENCE MAX 37cm 
(OFC) _ ................... _ .... __ .. _ ... __ .... - .. _-_ ... _----_ .. MIN 24cm 
._ ..... _---.. _-
MAX 9.5cm 
HEAD WIDTH 
., MIN 6cm 
"--
MAX 11.5 cm 
HEAD LENGTH 
MIN 8cm 
INTERNAL VOLUME 
MIN 
-250 cm3 
MAX -1000' cm"3"" -
------_._-_.- "'-'"--'-'--'-''' 
TOP SHELL 12 
CONNECTORS 
CORONAL RING 11 
Figure 5.37 Final arrangement: Adaptable helmet Prototype II. 
Prior to performing an imaging study on an infant, the helmet was cleaned 
and taken to the Neonatal Unit (at UCL Hospital), and attached to a baby's 
head to check its fit. Careful attention was given to the connectors and to the 
lower pad, which was adjusted and bent to conform as closely as possible to 
the natural curvature of the rear of the head (figure 5.38). 
Figure 5.38 LEFT: Adjustments before the optical scanning (fitting check) and RIGHT: the 
infant sleeping comfortably with its head inside the helmet. 
5.3.2.1 Clinical measurements and Performance of the AH II 
Before fitting the helmet, the cot was prepared 
with gel mattresses and covered with blankets to 
build the level of the cot up to the level of the 
helmet frame (figure 5.39). Also, all fibres 
bundles were attached to the helmet which was 
wrapped in a black zipped bag for protection Figure 5.39 The imaging cot 
against ambient light. The baby was then standing by the infant baby. 
transferred to the cot by the physician, and 
placed in the helmet. 
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The imaging experiments were carried out at the cotside, in low ambient light 
with MONSTIR located next to the imaging cot. Some mechanical adjustment 
of the connectors was made to couple each to the scalp and to avoid the 
obstruction of the light pathway by the soft foam on the plastic flange. An 
automated procedure is performed to estimate the optimum positions of the 
(detector) VOAs for each source position. This process involves illuminating 
each source and finding the VOA positions for every detector which 
maximises the detected signal without exceeding the maximum count rate. 
The time necessary for this process is currently around 20 minutes and a fife 
is generated called an acquisition definition file (ADF), which stores the VOA 
positions. The next step is the acquisition of image data, which is collected by 
illuminating at each source position sequentially for 10 seconds and detecting 
light transmitted through the head at all positions at the same time. It takes 
around 12 minutes to obtain a complete dataset. Also calibration data is 
obtained which involves recording light back-reflected from the scalp (absolute 
calibration, AbsCal#_w.tps). Normally, further data scans are taken over a 
period not longer than one and a half hours. After the infant scans, the baby is 
removed from the cot and returned to the nursery (the entire baby handling is 
performed by a physician or nurse). A reference phantom filled with a 
homogenous fluid is inserted into the helmet (Yusof et aI, 2003), and a new 
acquisition of data from the reference phantom is performed. To conclude the 
experiment, the fibre bundles are removed from the helmet and MONSTIR is 
returned to the laser-laboratory. Later, measurements of the connector 
positions are acquired using a digitising arm. The data stored is then 
processed to generate the respective images of absorption and scattering at 
each of the two wavelengths (using TOAST) from which are derived 3D 
images of regional cerebral blood flow and regional tissue oxygen saturation 
(Hillman, 2002). 
Eight preterm babies were scanned using the second prototype with a 
corrected median age of 38 weeks. Each was scanned immediately following 
a feed (to maximise the likelihood of the infant sleeping during the study). 
Ethical permission for the studies was granted by the local ethics committee, 
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and informed consent was obtained from one or both parents of each infant 
prior to the study. The details of each infant are shown in table 5.5. 
Table 5.5 Details of 8 babies scanned with MONSTIR using the AH prototype II. 
BABY DETAILS 
BABY STUDY BIRTH AGE AGE AT STUDY CORRECTED AGE OFC CLINICAL CONDITION # [WEEKS +DAYS] [DAYS] [WEEKS +DAYS] [em] 
20 28+u 63 r-.-- ĨİŸẀĚ - PRETERM IVH* (LEFT SIDE) 
-
21 29+u 50 36+1 - PRETERM HEALTHY 
_ . __ . -
-- - .. .. ŸĦĚ 36..:·'--·---- . " "'-22 29+u 50 36.5 PRETERM HEALTHY 
_._._---- GĤGĤÎĬĢŸĚ - '--41+ 5""- _ ............ _ ... 23 105 - PRETERM HEALTHY 
--
24 26+0 78 38+u 34.2 PRETERM HEALTHY 
ĨĨŸÎĒĒĚ ĨĬĢŸĚ ---_. --25 21 - PRETERM HEALTHY 1-- ÎĪŸÏĚ ÏÍŸĚ 32.4 26 114 PRETERM HEALTHY 
-- 24+'--
'-. ÏĨŸĴGĚ27 135 36 PRETERM IVH (LEFT SIDE) 
*IVH: INTRAVENTRICULAR HAEMORRHAGE 
_._. ---
In terms of the safety and comfort of this prototype helmet, the design appears 
to be successful. All the babies were comfortably settled in the imaging cot 
with no evidence of uneven pressure over the infant head (figure 5.40). The 
maximum and minimum limits of the AH prototype " (figure 5.37) easily 
accommodated the range of infant head sizes, with a minimum of 32.4 cm 
(baby study 26) and a maximum of 36.5 cm (baby study 22). 
Figure 5.40 Babies comfortably settled and sleeping in the imaging cot (baby study 21 
and 22). 
The baby study 20 using the adaptable helmet II was performed following the 
same procedure established for the customized helmets (see table 5.3). The 
evaluation of the experimentally measured TPSFs from the baby and from the 
reference balloon phantom, revealed an excessive poor contact of the 
connectors, leakage of light which produced pre-peaks, low counts on some 
detectors due to movement of the foam, obscuring the optode, and saturation 
of several detectors due to incorrect set of VOAs (ADF). Unfortunately, 
following the first study the positions were recorded incorrectly and image 
reconstruction was not attempted. After this first attempt, the procedures for 
Chapter 5. Performance of the Optical Tomography Head Probes 112 
attaching the connectors were reviewed, leading to changes which we 
believed would substantially improve the data quality for subsequent scans. 
The baby studies 21 and 22 were performed with the same ADF generated for 
the first imaging study. This procedure is reasonably justified when the 
arrangement of fibre bundles is the same, and the infant has approximately 
the same size and shape of head. However, it is particularly advantageous 
when the baby is restless, and therefore there is unlikely to be sufficient time 
to acquire a new ADF and perform an imaging scan. Each baby was scanned 
separately and we used the same sequence employed for the first study. The 
positions of the connectors were measured between scans. Reference data 
were recorded after each baby study scan, with the balloon phantom held 
inside the helmet (with the same connector positions), in a horizontal position, 
filled with intralipid solution. The previous adjustment of the connectors is kept 
the same. 
Image reconstructions were attempted with unsuccessful results due to 
problems of the same nature as the first imaging study, with particular 
problems with the quality of the reference phantom data, which exhibited 
many pre-peak artifacts. This was caused by the tendency of the balloon not 
to deform sufficiently to the shape of the helmet when placed within it. Also, 
the horizontal position of the helmet made it difficult to couple the balloon to 
the optodes without excessive filling of the balloon (-1.5 Iitres), which 
increased the balloon's weight, causing it to slip out of the helmet. The risk of 
bursting of the balloon was increased due to the intralipid volume used (figure 
5.41). The performance of the AH II is shown in table 5.6. 
Figure 5.41 LEFT: The preparation to record the reference data with a balloon phantom, 
and RIGHT: The balloon inside the helmet. 
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Table 5.6 Performance of the adaptable helmet II for the experiments with babies 
studies 21 and 22. 
PERFORMANCE OF AH II FOR BABIES STUDY 21 AND 22 
BABY STUDY 21 BABY STUDY 22 
---
_00 __ 0 
THE TOTAL NUMBER OF TPSFs 960 960 
._ -----
-
CLOSED CHANNELS ("0") - ADF 142 142 
ACTIVE CHANNELS (AC) 804 804 
-" 
OM FILE ỲǾÔĤŎNŊNĿØŸMĚDATA - ǾŸMĞĦĚ 369 322 
_ooo_o __ o __ o__ !3EJECTED DATA {=AC -UR.Q) ___ o 449 00---0----004820-00-0-
PERFORMANCE OF EACH HELMET {= {URD/ACf,1 00%) 45.9% --0- 00--0---00-4CfO%--00--000 
-
AVERAGE PERFORMANCE 43% 
For the imaging baby studies 23 and 24, I developed the jointed base for the 
frame, which enabled the helmet to be rotated by 90° and made use of gravity 
to improve the contact between the bundles and the balloon (figure 5.42). 
Figure 5.42 Helmet with the jointed base. 
A comparison between the recorded reference data with that recorded for 
previous studies revealed an overall reduction of the pre-peaks in the set of 
measured TPSFs (Table 5.7). The optical fibre bundles in the helmet made 
sufficient contact with the surface of the balloon. However, the improvement 
was still not enough to produce reliable reconstructions due to the high 
number of rejected data. Table 5.8 shows the improvement with the overall 
reduction of the un-rejected data from the reference data due to the utilization 
of the jointed base. 
Table 5.7 Evaluation of the utilization of the jointed base (reference data). 
PERFORMANCE OF AH /I FOR BABIES STUDIES 23 AND 24 
BABY STUDY 23 BABY STUDY 24 
---
THE TOTAL NUMBER OF TPSFs 960 960 
CLOSED CHANNELS ("0") - ADF 143 140 
ACTIVE CHANNELS (AC) 817 820 
OM FILE {UN-REJECTED DATA - U'3_I?J ____ 386 39-4----___ .0 __ 0 __ -
REJECTED DATA (=AC -URD) 431 
... _--. 0--0---426-----
PERFORMANCE OF EACH HELMET (= (URD/AC).1 00%) 47.2% 48% 
AVERAGE PERFORMANCE 47.6% 
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Table 5.8 Comparison of the performance from baby study 21 to 24. 
COMPARISON OF BABY STUDIES 21 TO 24 
BABY STUDY 21 I BABY STUDY 22 BABY STUDY 23 I BABY STUDY 24 
PERFORMANCE 45.9% I 40.9% 47.2% I 48% ---.-
PARTIAL AVERAGE 43% (WITHOUT JOINTED BASE) 47.6% (WITH JOINTED BASE) 
AVERAGE PERFORMANCE 45.3% 
Following further modifications in the helmet design, the imaging baby studies 
25 and 26 were conducted and produced an overall improvement in quality 
and quantity of the recorded data from both babies and the reference balloon. 
This was due to a better conforming of the helmet with the head shapes and 
the use of the jointed-base for the phantom. I also made some wedges rings 
to be used with some optodes (especially for the coronal section). This ring 
slightly changes the angle between the thermoplastic frame and the 
connector, and in an attempt to improve the coupling between the head and 
the optode (figure 5.43). 
1mm 
····· .. · ...... · ....·· .. ·1 ŸĚ • ................... 3mm 
_Mo""""nt\\.\ 
WEDGE RING 
lP 14mm 
lP10mm 
.\ .............•...•.•....•................... _ ....... > 
Complete Fibre Bundle Holder 
Thermoplastic 
Wedge 
Figure 5.43 Features of the coronal ring and its utilization with the plastic connector. 
In addition these babies had a smaller OFC, which helped to make the 
internal surface of the helmet (formed by the foam flanges) more compact and 
therefore providing better support (particular for the balloon). However, a 
significant percentage of data was rejected (less when compared with the 
previous studies using the adaptable helmet, but still greater when compared 
with stUdies using a custom-made helmet - tables 5.9 and 5.10). 
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Table 5.9 Performance of the adaptable helmet II for the experiments with baby studies 25 and 26. 
PERFORMANCE OF AH II FOR BABIES STUDY 25 AND 26 
BABY STUDY 25 BABY STUDY 26 
---------"-----------------------------4------------THE TOTAL NUMBER OF TPSFs 960 1024 
ĦĤĤĤĒĤĤĤĦŸŚĶĶŸJĶĶŚĦŚĚCLOSED CHANNELS ("0") - ADF 250 ---6=6---l 
ŸĤĒĤĤĤĤĤŚŸĚ.. ĤĤĒĤŸĻŸĿŸØŅŒŸNŸĿŸÑĻŸÔŸÔNĶÒŐŸĜŸĻĿŸĞ ĦĤĤŸĤĤĤĤ____ ŸĤĤŸİŸÍŸÌ ĤĤĤĤŸĤĤĤŸĲĪŸĮĤĤŸĚ
ŸĤĤĤĤĤŌĤĤGĤÓ ŃĤGÒĤNĚ(UN-REJECTED DATA - URD ) 342 470 
1---" REJECTED DATA (=AC -UREl 368 488 
PERFORMANCE OF EACH HELMET (= (\;JRD·I-;-A-.C)-.. ÍJJJJĤJJÌÌJĤĴJĴĤĘĴĤJĤĞ ĤĤĤĤĤÙÙĤĤĤĤÏĤJĤJĮJĤJJĦÎJİĴĘJĤĤĤĤĤÍĤĤĤĤJĤÏĲŸĦİJJÍĚ%-:-0 ----1 
AVERAGE ÖNŎŃÕŎÓĻÔĿJJĦĦJJNŸĚ__________ -"'--_________ 4:..::.8.:..:... İŸĘĚ________ ---, 
Table 5.10 Comparison of the helmet performance from baby studies 21 to 25. 
COMPARISON OF BABY STUDIES 21 TO 26 
BABY STUDY 21 I 22 I 23 I 24 J 25 I 26 
PERFORMANCE 45.1% I 40.9% I 47.2% I "48% I 48.2% I 49.1% 
AVERAGE 46.4% 
-.... _ .. _._----------. 
When attempting to record the reference data for the seventh study, the 
reference balloon phantom burst, and intralipid solution poured inside the 
optode connectors. An alternative reference phantom was therefore sought 
which would not be so fragile. 
5.3.2.1.1 Homogenous reference phantom: Latex Phantom Head 
Figure 5.44 Head doll is prepared 
to be covered by liquid latex. 
We developed an alternative reference 
phantom based on a thin head-shaped latex 
shell. A latex solution is made by mixing latex 
(pre-vulcanised natural rubber latex) and latex 
thickener. The eyes, mouth, ears, and others 
cavities in the head of a child's doll are filled 
with modeling clay to prevent holes in the 
latex or tearing when it is peeled off (figure 
5.44). 
With a small brush a shell is made by coating the doll's head with a thin layer 
of liquid latex, and left to dry for nearly 2h before adding the next layer. We 
used a minimum of 3 layers of the latex solution and then peeled it off when 
set (figure 5.45). The average thickness of the shell is around 0.6 mm. A 
series of shells of different sizes were generated using an assortment of dolls 
(figure 5.46). 
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Figure 5.45 Comparison between the original template with OFC = 21 cm and the Latex-
head phantom. 
Figure 5.46 LEFT: Latex-head phantom with OFC = 21 cm and RIGHT: Latex-head phantom 
with OFC = 32 cm. 
We note that after a period of a few weeks the latex shells change colour in 
some regions from almost transparent to orange-brown. This effect is 
probably related to the process of aging of the latex (figure 5.47). 
Figure 5.47 Aging of the latex heads. 
Orange-brown 
spots 
For reference measurements a shell is chosen which best matches the size 
and shape of the infant being studied, and is filled with scattering fluid after 
being placed in the helmet. The helmet is carefully rotated by 90° for the 
reference measurement, so the fluid does not escape from the neck of the 
shell (figure 5.48). 
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Figure 5.48 Versatility to use the novel phantom during its experiments of validation. 
A major advantage of this novel reference phantom is to avoid the plastic 
tubing circuit with valves and syringe: the intralipid solution is simply poured 
inside the hollow shell (figures 5.49 and 5.50). An experiment was performed 
to assess the suitability of the novel latex head filled with homogenous 
intralipid solution as a reference phantom. In this experiment, small absorbing 
targets were introduced into the latex head phantom and it was filled with 
intralipid solution (figure 5.49 (a) and (b». For a reference measurement, 
which is necessary for difference imaging, the same phantom was imaged 
without the targets (figure 5.49 (c». The resulting reconstructed images 
should exhibit only the targets, at the expected geometric positions. Unlike the 
balloon phantom, the weight of the fluid tends to make the shell conform more 
closely to the helmet shape, providing good contact with all the fibre bundles. 
b) c) 
Figure 5.49 (a) Experimental set-up (b) Latex head with the targets and (c) Latex head 
without the targets. 
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(1) Pa= 0.05 mm·1 (2) f.la= 0.015 mm·1 
INTRALIPID SOLUTION 
LATEX HEAD SHAPED ..•. ŸĚ
PHANTOM '. I 
i
Tomm 
ADAPTABLE HELMET II 
ŸĚ
(a) ............... CONNECTOR (b) 
LATEX HEAD EXPERIMENT 
J.La [mm·1] s. [mm·1] COMMENTS 
TARGET 1 0.05 1.0 SEVEN TIMES THE BACKGROUND PHANTOM ABSORPTION. 
TARGET 2 0.015 1.0 lWICE THE BACKGROUND PHANTOM ABSORPTION AND 3.33 
TIMES THE ABSORPTION FROM THE TARGET 1. 
INTRALIPID SOLUTION 0.007196 0.9972 TAKEN AS BACKGROUND PHANTOM VALUES. 
TARGET'S DIMENSIONS LENGTH = 10 mm WITH 0 = 10 mm RESIN CYLINDERS. 
Figure 5.50 (a) Latex head phantom filled with intralipid and targets and (b) latex head 
phantom reference filled with intralipid and without targets for reference 
measurements. 
The intensity and meantime datatypes were extracted and evaluated from the 
experimental TPSF data (section 4.2.7.6). However, the images were 
reconstructed with TOAST using just meantime, since this is the only datatype 
used for most infant studies. The images show the range of PB values 
obtained from the reconstructed images (figure 5.51) (Gibson et aI, 2003b). 
CORONAL SLICE TRANSVERSE SLICE SAGITTAL SLICE 
PB = 0.009 mm·1 PB = 0.069 mm·1 
Figure 5.51 Reconstructed absorption images of latex shell with targets. LEFT: Coronal 
slice of absorption image, MIDDLE: Transverse slice of absorption image and 
RIGHT: Sagittal slice of absorption image. 
The absorption images were obtained using differences in meantime values 
with and without the targets. The coronal and sagittal images show the 
presence of the targets very clearly at the expected locations for both 
absorption anq scatter images. Thus, this experiment confirms that the latex 
shell phantom can conform to the shape of the helmet sufficiently well to 
provide data adequate for imaging. 
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The imaging baby study 27 was performed using the novel reference phantom 
for the first time. The rejection of data from the baby experiment was slightly 
larger than the other previous infant study, which is probably due to the 
motion of the baby head during the recording of the data (the baby was 
wriggling) (Table 5.11). 
Table 5.11 Performance of the adaptable helmet II for baby study 27. 
PERFORMANCE OF AH II FOR BABY STUDY 27 
BABY STUDY 27 
THE TOTAL NUMBER OF TPSFs 1024 
CLOSED CHANNELS ("0") - ADF 73 
ACTIVE CHANNELS (AC) 951 
OM FILE (UN-REJECTED DATA - URD) 434 
REJECTED DATA (=AC -URD) 517 
PERFORMANCE OF HELMET (= (URD/AC).100%) 45.7% 
The rejection of data due to the utilization of a new reference phantom was 
calculated and was found to be significantly smaller than for baby study 26. 
Thus, the utilization of the new latex head phantom has a better conformity 
with the shells of the helmet. However, the amount of data rejected was still 
unacceptably high (> 50%), and the resulting images exhibited significant 
artefacts, especially in the centre of the image (as shown in figure 5.52, in the 
internal regions of the dashed circles). 
Table 5.12 Comparison of the performance with distinct reference phantom for baby studies 26 and 27. 
COMPARISON OF BABY STUDIES 26 AND 27 
BABY STUDY 26 27 
REJECTED DATA (TABLES 5 .10 AND 5 .11) 488(50.9%) 517 (54.3%) 
PERCENTAGE OF DATA REJECTION DUE TO THE REFERENCE PHANTOM 302(62%) 191(37%) BALLOON LATEX HEAD 
CORONAL SLICE TRANSVERSE SLICE SAGITTAL SLICE 
J.1a = 0.003 mm-1 J.1a = 0 .046 mm-1 
Figure 5.52 Reconstructed absorption images of baby study 27. LEFT: Coronal slice of 
absorption image, MIDDLE: Transverse slice of absorption image and RIGHT: 
Sagittal slice of absorption image. 
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Table 5.13 summarises the eight infant studies in terms of the problems 
encountered and the improvements introduced. 
Table 5.13 Main events during imaging studies baby study 21 to 27. 
ADAPTABLE HELMET PROTOTYPE /I 
EVENTS BABY STUDY 
20 21 22 23 24 25 26-27 
CONNECTOR POSITIONS MEASURED INACCURATELY ./ 
PROPERTIES OF INTRALIPID INADEQUATED (VALUES DIFFERENT FROM 
./ ./ ./ ./ ./ ./ ./ J.la = 0.01 mm-1 ŠŪŸĦĚ= 1 mm-1). 
POOR COUPLING OF SOME OPTODES TO THE HEAD ./ ./ ./ ./ ./ ./ ./ ./ 
POOR COUPLING OF SOME OPTODES TO THE REFERENCE PHANTOM ./ ./ ./ 
USE OF REFERENCE BALLOON PHANTOM ./ ./ ./ ./ ./ 
BURSTING OF PHANTOM ./ 
USE OF JOINTED-BASE ./ ./ ./ ./ ./ 
USE OF WEDGE RINGS ./ ./ ./ 
USE OF LATEX HEAD PHANTOM ./ 
MOTION OF THE BABY (THE BABY WAS WRIGGLlNG*) ./ ./ ./ ./ 
SOME DETECTORS ARE SATURATED DUE TO POOR FITTING ./ ./ ./ 
Table 5.14 shows the quantitative improvement after changes and 
modifications in the helmet given in table 5.13. 
Table 5.14 Comparison of the performance from baby study 21 to 27 
PARTIAL & TOTAL PERFORMANCE OF THE AH /I 
BABY STUDY I 21* 22* I 23 I 24 25 I 26 I 27* 
PARTIAL PERFORMANCE I 45.1% 40.9% I 47.2% I 48% 48.2% I 49.1% I 45.7% 
PARTIAL AVERAGE (21-23) PARTIAL AVERAGE (21-24) PARTIAL AVERAGE (21-27) 
43% 45.3% 46.4% 
-
AVERAGE PERFORMANCE 46.3±2.8% 
* I EXCESSIVE HEAD MOVEMENT DURING THE DATA ACQUISITION. 
In conclusion, the eight infant imaging stUdies conducted using this second 
prototype provided an overall quality of data which was generally inferior (46.3 
± 2.8%) to that collected using customized helmets (50.2 ± 16.1 %). While the 
lower pad proved (figure 5.30) to be successful (supporting the weight of the 
head and giving a good contact with the scalp), the radial translation of the 
remaining bundles proved to be insufficient to accommodate the broad 
variation in head shapes and sizes encountered, resulting in poor contact 
between some bundles and the surface of the baby head. 
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5.3.2.2 Evaluation of the AH prototype II design 
The design of AH prototype II was also evaluated accordingly with the general 
recommendations established in sections 5.2.2.4 and 5.3.1.2. 
GRI USEFUL DATA I REQUIREMENT STATUS I OUTCOME GRI I ESSENTIAL I FAILED 
FINAL STATUS FAILED DUE TO THE AVERAGE PERFORMANCE IS UNDER THE MINIMUM VALUE OF 50% (SEE TABLE 5.14) 
GRII OPTODE LOCATION I REQUIREMENT STATUS I OUTCOME GRII I ESSENTIAL I NOT TESTED 
FINAL STATUS NOT TESTED 
SAFETY REQUIREMENT STATUS OUTCOME 
GR 1111 DESIRABLE PASSED 
GRII12 DESIRABLE PASSED 
GRII13 ESSENTIAL PASSED 
GR III GR 1114 ESSENTIAL PASSED 
GR 1115 ESSENTIAL PASSED 
GRI1I6 ESSENTIAL PASSED 
GR 1117 DESIRABLE NOT TESTED 
GRillS DESIRABLE PASSED 
FINAL STATUS FOR THIS DESIGN, THE GR III WAS APPROVED, ALTHOUGH SOME MODIFICATIONS MAY BE PERFORMED TO ALLOW MEDICAL KITS. 
SKIN ILLUMINATION REQUIREMENT STATUS OUTCOME 
GRIV1 DESIRABLE FAILED 
GRIV GRIV2 ESSENTIAL PASSED 
GRIV3 ESSENTIAL PASSED 
FINAL STATUS PARTIAL SUCCESS DUE TO BAD CONTACT OF THE OPTODES OF THE TOP SHELL AND CORONAL RING 
GRV PROBE STRESS I REQUIREMENT STATUS 1 OUTCOME GRV I ESSENTIAL I PASSED 
FINAL STATUS ApPROVED. 
GRVI PROBE COVERAGE I REQUIREMENT STATUS I OUTCOME GRVI I ESSENTIAL I PASSED 
FINAL STATUS ApPROVED, ALTHOUGH WITH PARTIAL CONTACT OF THE OPTODES WITH THE HEAD SURFACE 
The results of the GRs indicated that further improvements in the design were 
necessary, especially to improve the coupling of the optodes of the coronal 
and top sections with the scalp. Thus, a third prototype was developed. 
5.3.3 Adaptable helmet prototype III 
A third prototype of adaptable helmet was developed to significantly improve 
the contact of optodes with the top and sides of the infant head. First, the top 
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section was replaced with a slotted aluminium pad (figure 5.53), lined with soft 
NIR absorbing foam. This supports up to 13 fibre bundles and is suspended 
from above on a rod attached to a horizontal bar as shown in figure 5.54. 
Top PAD 
ĜŬŸJJ·JJ·Ĥ··Ĥ· J·ĤŬJ··J··ŸĤ·Ĥ ·JĤ···Ŭ·J···ĤJĤ·ĤĤĤ·ĴĤ·Ē ĒĤ·· · · ·JĒĚ.. ·J·· Ŭ·Ÿ · · · J ĤĤJ·ŨĚ
ŸĚ JŨĦŸĚ . c ( ŸĚ ŸGĒĚ 9 l ŸĚ 'tol C V V\ ŸĚ
t.",.,""" HĦHĦŸĚ..... > .. h . .. ¥ .. , : ,,,,:, , . , •• ŸHHĚ.. . -n. • //.h.: .... ŸJJJJJJJĦHĦJJJĦJJĦJĦJĦJJĚ. : .  :.:::.:.:: .... ŸŘĦHĚ..... . ,;r., ..... JĦ HŸĦ ŸĴŲĦHĦĚĒ ŸĒŸGJĚ.. , ... T •• ) 
4' 3 mm ................: i ŸĦĦĦĦ ĦĚ The Aluminium plate IS ! lined with foam 
. J Slot for superior fixation ŸIŊĚ ŸÏÜÜẄŸÜÜĚ
SUPERIOR VIEW 
I 
......... ....... ŸJĚ.............. : .. ! 
INFERIOR VIEW 
Long Vertical Screw for suspension of the pad 
;............ Connector (figure 5.26) 
13 connector positions 
4'6mm 
Attaching Screw 
Figure 5.53 Aluminium plate used for the top pad. 
The height of the pad can be adjusted by changing the height of the horizontal 
bar by altering the positions of its locking screws. However, this is a crude 
adjustment and is only made initially. Precise positioning of the top pad is 
made: (a) along the horizontal bar, where the top pad can be locked by a 
screw in a suitable position and (b) by translating the vertical rod. Both 
horizontal and vertical adjustments are made after a careful deformation of the 
aluminum plate around the front and top of the infant head (figures 5.54 and 
5.55). 
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Top PAD & SUPPORT ARCH ...................................... 
SafetyUd 
Vertical Screw Lock 
Horizontal 
Screw Lock 
-······ .. ··r .. · ·····ŸĚ
L Top pad can be bent 
........ Thermoplastic from the helmet 
Support Pillar (figure 5.28) 
Bar for hOrizontal movement 
of the pad 
Pillar for vertical 
movement of 
the pad and 
adjust of the 
height 
SUPPORT 
ARCH 
Locker for 
the baTS 
Figure 5.54 Aluminium plate used for the top pad and the support pillar. 
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In addition, we used the same sort of connectors for this top pad made 
previously for the lower pad of the AH prototype II. The top pad and support 
mechanism are illustrated in figure 5.55. 
Figure 5.55 Top and back view of the top pad with the support arch. 
The coronal section of the adaptable helmet II had a poor coupling between 
the optodes and the sides of the infant head, and therefore we developed an 
alternative connector in which the end of each radially translatable connector 
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attached on the coronal section is provided with a soft rubber flange to 
provide a better optical contact on the infant head even when the surface is 
not precisely normal to the axis of translation (figure 5.56). 
Fibre Bundle 
Holder 
Rubber Flange 
<P 14 mm 
<P 10mm 
<P10mm 
<P6mm 
FIBRE BUNDLE CONNECTOR WITH SOFT RUBBER FLANGE 
Positioned Ring . 
Superficial slot to attach Holder Ring ....... 
the rubber flange 
<P 14 mm 
<P6mm N1R 
Foam 
It····· 
Movement of the 
Flexible Flange 
Figure 5.56 The parts of the Fibre Bundle Connector with Soft Rubber Flange. 
In addition, three more connectors (with soft rubber flanges), were added near 
to the lower pad to provide better coverage of the back of the head. Figure 
5.57 shows the coronal ring part with 9 connectors, the lower pad with 9 
connectors and the 3 new connectors between the lower pad and the coronal 
section. 
Coronal section 
Lower Pad 
Protection foam 
for the ears 
Support for the neck .... 
New optodes positions 
with connectors with 
flexible flange ( 0 ) 
Apertures for 
the Arch 
Support Pillar 
.................. Jointed Base 
Figure 5.57 The coronal ring and the lower pad and the 3 new connectors (rectangle). 
The final arrangement of the Adaptable Helmet Prototype III is shown in figure 
5.58, including the coronal section & lower pad with the support arch & top 
pad and some of its features. 
Chapter 5. Performance of the Optical Tomography Head Probes 125 
FEA TURES OF THE THIRD PROTOTYPE 
HEAD CIRCUMFERENCE MAX 36cm 
(OFe) MIN 22cm 
HEAD WIDTH 
MAX 11.5 cm 
MIN 5.5cm 
ŸĚ
MAX 11.5 cm 
HEAD LENGTH 
MIN 5.5cm 
MIN 
-200 cm3 
INTERNAL VOLUME 
-1100 cm3 MAX 
-
TOP PADSHELL 13 f----------.- ._ ... __ ._._._------
CONNECTORS CORONAL RING 12 
LOWER PAD 09 
Figure 5.58 The final arrangement of the 3rd version of adaptable helmet. 
A previous experiment was repeated to evaluate of the suitability of the AH 
prototype ilion a latex head phantom. The phantom head was filled with 
intralipid solution and an absorbing target was placed inside (figure 5.59). The 
absorption images reveal the presence of a target at the expected location 
(figure 5.60). 
f.1a= O.05mm·t 
INTRALIPID SOLUTION 
AND TARGET 
(a) 
TARGET 
TARGET'S DIMENSIONS 
ŸĚ
I LA TEX HEAD SHAPED .... '0, 
j 75mm 
I ADAPTABLE HELMET III 
i-
INTRA LIPID SOLUTION ............... . 
CONNECTOR (b) 
LA TEX HEAD EXPERIMENT 
118 [mm·1] I lis' [mm·1] COMMENTS 
0.05 I 1.0 TARGET WITH A HIGH ABSORPTION COEFFICIENT. 
LENGTH = 10 mm WITH 0 = 10 mm RESIN CYLINDER 
Figure 5.59 (a) Latex head phantom filled with intralipid and target and (b) latex head 
phantom reference filled with intra lipid and without targets for reference 
measurements. 
CORONAL SLICE TRANSVERSE SLICE SAGITTAL SLICE 
Pa = 0.006 mm·1 Pa = 0.026 mm·1 
Figure 5.60 Reconstructed absorption images of the infant. LEFT: Coronal slice of 
absorption image, MIDDLE: Transverse slice of absorption image and RIGHT: 
Sagittal slice of absorption image. 
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A couple of days before the first clinical 
evaluation of the new helmet, it was cleaned 
and placed around the head of the consented 
infant baby to verify that it fitted adequately. 
For these studies we also made use of some 
wedge rings to improve coupling (figure 5.43). 
MONSTIR was then transferred to the clinic Figure 5.61 The imaging cot 
and prepared as before (figure 5.61). prepared for the infant baby. 
5.3.3.1 Clinical measurements and Performance of AH III 
To evaluate the new head probe, we 
repeated the data acquisition sequence 
employed for the previous infants. 
Following appropriate safety precautions 
and confirmation of the baby's comfort in 
the cot, the top pad was carefully adjusted 
126 
over the baby's forehead and the imaging Figure 5.62 The imaging cot with the 
study was begun (figure 5.62). baby during the study. 
The objectives of these studies were-first to record data for reconstruction of 
static images, and second to acquire images to identify regions of the brain 
activated during evoked response. Both static and difference imaging 
reconstruction methods were attempted for the studies, the former using a 
non linear reconstruction package TOAST, and the latter employing a linear 
reconstruction method. 
Nine preterm babies with an approximate corrected median age of 38 weeks 
were scanned with MONSTIR using the AHlil. Table 5.15 shows the details of 
each infant subject. The infant head sizes (OFC), with a minimum of 29.5 cm 
and a maximum of 35.4 cm, were easily accommodated by the third prototype 
helmet. 
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Table 5.15 Details of 9 babies scanned with MONSTIR using the AH prototype III. 
BABY DETAILS 
BABY STUDY BIRTH AGE AGE AT CORRECTED AGE OFC CLINICAL CONDITION # [WEEKS +DAYs] STUDY [DAYS] [WEEKS +DAYS] [em) 
28 36'f"U 14 ĨĤĮŸẀĚ 31.5 PRETERM HEALTHY 
29 ĨÍĶŃŸĚ 28 ĨİŸÍĚ 33.5 PRETERM HEALTHY 
-"30 26=Fo 93 40+u 35 PRETERM HEALTHY 
31 ÎİĶŃŸĚ 57 ĨĪŸĬĚ 34 PRETERM HEALTHY 
32 39":0 13 4fF<t 35.4 PRETERM HEALTHY 
r-.----ŸĒĶŃWŨĦĚ ĨİŸÍĞĚ33 39 34.5 PRETERM HEALTHY 
34 26'f"U 77 37+u 32 PRETERM HEALTHY 
35 25+u 76 ĨŸÍĞĚ 29.5 PRETERM HEALTHY 
36 ÎĨĤŸĴGĚ 104 ĨĮŸWŨĦĚ 32.2 PRETERM HEALTHY 
As usual following the infant study, individual measurements contaminated by 
unwanted light resulting from poor contact were routinely identified and 
rejected from the set of data employed for image reconstruction. 
The performance of the AH prototype III was again evaluated quantitatively by 
considering the percentage of un-rejected data (as shown earlier in tables 5.4 
(CMH) and 5.14 (AH II». This is shown in table 5.16. 
Table 5.16 Performance of the adaptable helmet III for the babies studies 28 to 36. 
PERFORMANCE OF AH III FOR BABY STUDIES 
BABY STUDY# 28 29 30 31 321 332 34 35 36 
THE TOTAL NUMBER OF 992 992 992 992 992 992 960 960 992 TPSFs 
CLOSED CHANNELS ("0") - 95 95 176 200 74 124 140 140 176 ADF 
ŸĦȚĦØŅŒNĚĿËĒŨĻÔĦËJËŸËJĤŚŨÙŸŸŸĚ 897 -89'"1-ĤĮŸĚ792 908 868 820 820 816 . __ ._-
----
aM FILE (UN-REJECTED 598 549 416 448 262 386 473 595 408 DATA-URD) 
REJECTED DATA (=AC -lJRD) 299 ĨŸŸĚ__ ŸĲÌĚ 344- 646 448 347 225 408 
--PERFORMANCE OF EACH 66.6 61.2 51.0 56.6 28.9 44.5 57.7 72.6 50.0 
__ GJJËĦ§ŚŸŸ§ËĦÍJŊĦĦǾŎŸIĻĿĞĦÍĚOO%L 
AVERAGE 54.3±12.8% 
PERFORMANCE (57.5:t 9.2% WITHOUT BABY STUDY 32)2 
1 BABY STUDY 32: THE TOTAL-':;U'MBER OF TPSFwAS REDUCED IN 10 DUE TO LASER SOURCE SATURATION 
Z I AVERAGE PERFOMANCE WITHOUT CONSIDERING THE LOWEST PERFORMANCE 9F THE STUDY. 
The fraction of un-rejected data for each study varies from 28.9% to 72.6%, 
with an average value of 54.3% for the 9 studies. The main causes of data 
rejection are: (a) the contamination of the data by ambient light and light 
leakage, (b) non-conformity of the helmet's sections with either the babies 
heads or the reference phantom, and (c) head movement by the infant. In 
addition, other occasional factors also contribute to reduced performance, 
such as: (a) fluctuation of the laser power during the data acquisition (e.g. 
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baby studies 32 and 33), which is sometimes due to an insufficient laser 
warm-up time (Hillman, 2002); (b) intermittent instability of the detectors, and 
(c) excessive head movement during data acquisition, which often required 
interruption of the study (e.g. baby study 33). Table 5.17 summarises specific 
features of the nine imaging studies. 
Table 5.17 Specific features of baby studies 28 to 36. 
ADAPTABLE HELMET PROTOTYPE III 
EVENTS BABY STUDY 28 29 30 31 32 33 . 34 "-j5-r-36 
USE OF JOINTED-BASE ./ ./ ./ ./ ./ ./ ./ ./ ./ 
USE OF WEDGE RINGS ./ ./ ./ ./ ./ ./ ./ ./ ./ 
USE OF LATEX HEAD PHANTOM ./ ./ ./ ./ ./ ./ ./ ./ ./ 
LEAKING OF LATEX HEAD PHANTOM ./ 
INTERMITTENT INSTABILITY OF THE SOURCES OR DETECTORS ./ ./ 
--: _ .. - -_ .. _ .. . _ ... _ .....- -.. ...... -......... 
MOTION AND/OR WAKING OF THE BABY ./ ./ 
The higher performance achieved with the new helmet indicates that the 
modifications in the helmet design, such as the replacement of the top section 
with a slotted aluminium pad and the use of flexible rubber flanges on the 
optodes of the coronal section, are successful. 
The improvement to the coupling of the optodes of the coronal and top 
sections with the scalp is evidenced by the average fraction of un-rejected 
data of 54.3%, which is above the average performance of the CMH. Figure 
5.63 shows some pictures of the infant babies sleeping comfortably with their 
heads inside the helmet during the clinical studies. 
Figure 5.63 Pictures of some babies scanned with MONSTIR and the AH III. 
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5.3.3.2 Image reconstruction and Evaluation of volume sampling 
Image reconstruction was attempted for these infant studies, and the results 
for baby study 28 are shown in figure 5.64. The absorption images 
reconstructed with TOAST were obtained using differences in meantime. The 
range of Ps values obtained is also shown. 
CORONAL SLICE TRANSVERSE SLICE SAGITIAL SLICE 
,us = 0.0006 mm-1 ,us = 0.0030 mm-1 
Figure 5.64 Reconstructed absorption images of the baby study 28. LEFT: Coronal slice of 
absorption image, MIDDLE: Transverse slice of absorption image and RIGHT: 
Sagittal slice of absorption image at 815 nm. 
The resulting image reconstructions do not exhibit artefacts, especially in the 
centre of the image as observed earlier in figure 5.52. A common feature of 
images reconstructed with relatively poor data is a hole in the centre of the 
head where the optical properties are near or at their initial values 
(background values). This is due to a poor sampling of the centre, since the 
centre is only sampled by measurements at the largest source-detector 
separations, which are noisiest and therefore more likely to be rejected. 
In order to analyze how effectively a given set of tomography data samples 
the central regions of an infant brain, a programme was developed 
(LlNESOFSIGHT.m I MATLAS™), which displays the direct lines-of-sight across the 
head between sources and detectors for which measurable (and artefact-free) 
data were recorded. A low density of lines across the centre of the head may 
indicate that the sampling may be insufficient to reliably reconstruct the central 
regions. Results of this analysis can be correlated with the corresponding 
reconstructed images. The programme uses the mesh and QM file to identify 
the optode locations for each un-rejected measurement between the sources 
and detectors, and plots the lines, in the correct location in the coronal, 
transverse and sagittal mesh-projection. The largest lines-of-sight are 
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represented by black lines and smallest distances are represented in green 
(or clear) lines. The largest source-detector separations are those 
corresponding to distances larger than an arbitrary reference separation equal 
to the smallest distance between an optode in the top section and one in the 
lower pad of the AHs (and equivalent regions of the CMH). Source-detector 
separations which are between optodes in the same shell are labelled as 
small, even if larger than the reference separation. 
The images reconstructed for the baby study 28 are shown alongside the 
source-detector combinations used to generate them in figure 5.65. This 
imaging study was performed with AH III, and had a performance of 66.6% 
CORONAL MESH-PROJECTIONS 
TRANSVERSE SLICE TRANSVERSE McSH-t'KOJ'cCTICINS 
--.--.. ŸĤ
SAGITTAL MESH-PROJECTIONS 
Figure 5.65 LEFT: Reconstructed absorption images of baby study 28 (AH 11/) at 815 nm. 
RIGHT: Coronal, transverse and sagittal projection with lines-of-sight, Black 
lines (largest s-d separation) and green lines (smallest s-d separation), for 
distance reference of 68.3 mm with a maximum s-d separation of 108.7 mm. 
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The plots in figure 5.65 confirm a reasonably good sampling across the centre 
of the head, and this agrees with the reconstructed images, which show that 
the absorption has been updated throughout the brain region. A decrease in 
the density of lines from the surface of the mesh toward the centre of the 
coronal mesh projections is noted, which also appears in the sagittal 
projections. In the transverse mesh projections a good coverage of the scalp 
surface is observed, with an approximately even spaced distribution of the 
source-detector positions. 
The same analysis was performed on the data acquired for the baby study 27, 
and the results are shown in figure 5.66. This imaging study was performed 
with the AH II, and has a performance of 45.7%. 
CORONAl MESH-PROJECTIONS 
TRANSVERSE MES .. I-PROUECTIONS ..... _ ., __ ... _ _ 
SAGITTAL MESH-PROJECTIONS 
Figure 5.66 LEFT: Reconstructed absorption images of baby study 27 (AH II ) at 815 nm. 
RIGHT: Coronal, transverse and sagittal projection with lines of sight. Black 
lines (largest s-d separation) and green lines (smallest s-d separation), for 
distance reference of 77.6 mm with a maximum s-d separation of 96.9 mm. 
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The image reconstructions clearly show the central region of the brain is 
poorly sampled, which agree with the low number of lines-of sight crossing the 
centre of the mesh-projections. In addition, the transverse mesh-projections 
show the poor coverage of the scalp surface, which also appears in the 
sagittal projection as a gap located in the rear of the projection. This sagittal 
mesh-projection also shows a higher concentration of optodes in the top 
region, but with a poor distribution around the scalp surface. 
Finally, an evaluation was performed of the recorded data from baby study 17 
and is shown in figure 5.67 with the respective image reconstructions. This 
imaging study was performed with a CMH, and had a performance of 73.2%. 
CORONAL SLICE CORONAL MESH-PROJECTIONS 
TRANSVERSE MESH-PROJECTIONS 
SAGITTAL MESH-PROJECTIONS 
Figure 5.67 LEFT: Reconstructed images of baby study 17 (CMH) at 815 nm. RIGHT: 
Coronal, transverse and sagittal projection with lines of sight. Black lines 
(largest s-d separation) and green lines (smallest s-d separation), for 
distance reference of 63.3 mm with a maximum s-d separation of 98.0 mm. 
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The plots in figure 5.67 show a large number of lines-of sight crossing the 
central region of the mesh-projections in agreement with the set of 
reconstructed images. The transverse and sagittal mesh projections illustrate 
also a good coverage of the scalp surface (good distribution of the 
connectors). 
Summarizing, as the performance of the study decreases, so does the fraction 
of lines crossing the central region of the brain. This implies that rejected data 
is more likely to correspond to larger source-detector separations. Thus, a 
higher performance of the study is likely to give a relatively higher density of 
lines in the central region, reducing the possibility of artefacts. 
5.3.3.3 Whole-brain functional imaging of alterations in nasal oxygen flow 
using the AH III 
For the baby studies 31 and 35, data were recorded to generate images of 
changes in cerebral oxygenation and blood volume produced by temporary 
switching-off of nasal oxygen flow. The expected physiological changes are in 
the absorption occurring in the head due to the global decrease in blood 
oxygenation. 
The acquisition procedure was as follows: as for previous static imaging of the 
brain, MONSTIR recorded data with the AH III from all active detector 
positions simultaneously, while the head was illuminated for ten seconds for 
each source. Complete sets of data were acquired during normal and zero 
flow conditions. 
A linear reconstruction was considered ideal to be used with this type of 
imaging since the zero flow is almost identical to the normal flow. The 
datatypes used for this type of image reconstruction are amplitude (or 
integrated intensity) and phase, which are extracted from the TPSF 
measurements at a given frequency (at 100 MHz). For more details see 
(Gibson et ai, 2005a). 
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For the baby study 31, the change in oxygen saturation was constantly 
monitored using a pulse oximeter applied to the right foot of the infant. When 
the nasal oxygen flow was switched off the blood oxygenation gradually fell 
from 990/0 of oxygen saturation to 91 % over a period of a minute or two. A 
decrease in blood oxygenation is expected to produce a decrease in 
absorption at 815 nm. Figure 5.68 shows preliminary images of absorption 
changes. at 815 nm, in sagittal slices from the left (top left) to the right (bottom 
right) of the head. 
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Figure 5.68 Image reconstruction from baby study 31 at 815 nm, showing changes in 
absorption due to the temporary switching-off of nasal oxygen flow. 
Figure 5.68 also illustrates the slight decrease in absorption within localised 
regions in the brain of the infant. 
For baby study 35, the respective change in oxygen saturation was from99 to 
96%, following the switching-off of the nasal oxygen. Figure 5.69 shows the 
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images of changes in absorption at 780 nm, which it is expected to show an 
increase as oxygenation falls (the opposite effect to the images at 815 nm). 
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Figure 5.69 Image reconstruction from baby study 35 at 780 nm, showing change in 
absorption due to the temporary switching-off of nasal oxygen flow. 
However, it should be noted that the linear reconstruction method is less 
effective when applied to global changes in properties than when applied to 
focal changes. The best way to reconstruct this data is still subject to an on-
going investigation. 
In conclusion, the AH III also has proved to be a suitable probe for imaging 
functional changes, even for the intensity (amplitude) datatype, which is more 
sensitive to any slight variation in the coupling of the sources and detectors. 
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5.3.3.4 Evaluation of the AH prototype III design 
The design of AH prototype III was also evaluated in terms of the general 
recommendations established in sections 5.2.2.4 and 5.3.1.2. 
GRI USEFUL DATA I REQUIREMENT STATUS I OUTCOME GRI I ESSENTIAL I PASSED 
FINAL STATUS PASSED DUE TO THE AVERAGE PERFORMANCE IS ABOVE THE MINIMUM VALUE OF 50% (TABLE 5.16). 
GRII OPTODE LOCATION I REQUIREMENT STATUS I OUTCOME GRII I ESSENTIAL I NOT TESTED 
FINAL STATUS NOT TESTED 
SAFETY REQUIREMENT STATUS OUTCOME 
GR 1111 DESIRABLE PASSED 
GRIII2 DESIRABLE PASSED 
GR 1113 ESSENTIAL PASSED 
GR III GR 1114 ESSENTIAL PASSED 
GR III 5 ESSENTIAL PASSED 
GRII16 ESSENTIAL PASSED 
GR 1117 DESIRABLE NOT TESTED 
GR 1118 DESIRABLE PASSED 
FINAL STATUS FOR THIS DESIGN, THE GR III WAS PASSED, ALTHOUGH SOME MODIFICATIONS MAY BE PERFORMED TO ALLOW MEDICAL KITS. 
SKIN ILLUMINATION REQUIREMENT STATUS OUTCOME 
GRIV1 DESIRABLE PASSED GRIV GRIV2 ESSENTIAL PASSED 
GRIV3 ESSENTIAL PASSED 
FINAL STATUS ApPROVED. 
GRV PROBE STRESS I REQUIREMENT STATUS I OUTCOME GRV I ESSENTIAL I PASSED 
FINAL STATUS ApPROVED. 
GRVI PROBE COVERAGE I REQUIREMENT STATUS I OUTCOME GRVI I ESSENTIAL I PASSED 
ApPROVED, ALTHOUGH A SPACED DISTRIBUTION OF THE OPTODES AROUND THE 
FINAL STATUS SCALP SURFACE MAYBE CONSIDERED TO IMPROVE THE SAMPLING OF THE CENTRAL' 
REGION OF THE BRAIN. 
The result of the GRs indicates that 100% of the requirements were reached 
for this third prototype of adaptable helmet. 
5.3.3.5 Discussion and Conclusions 
The nine infant imaging studies scanned with MONSTIR using the third 
prototype provided an average performance which is higher than that for the 
AH II, and slightly higher than that for the CMH, as shown in table 5.18. 
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Table 5.18 Comparison of the performance between helmets prototypes. 
ADAPTABLE HELMET PROTOTYPE III CUSTOM MADE HELMET ADAPTABLE HELMET PROTOTYPE II 
Table 5.18 also shows a comparison between the average performance of the 
custom made and adaptable helmets. This shows that the third prototype is 
clearly effective an alternative to the CMHs, for imaging static optical 
properties and changes in properties. 
Chapter 6 
Performance of the Optical Topography Head 
Probes 
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6.1 Introduction 
In this chapter, the probe designs and results of experimental studies 
involving the optical topography system· are presented. The optical probes are 
designed to be used to investigate response within the cerebral cortex (figure 
2.17). The general characteristics discussed in the chapter 5 will not be 
applied to the design of this sort of probe, although safety and comfort and the 
quality of the data are still principal goals in the design of the optical probes. 
6.2 General Recommendations for topographic probes 
The general requirements taken into account during the design of the 
topography probe are: 
GR I. The optical arrangement must acquire useful data. 
1. A minimum contamination of ambient light is essential and direct source-
detector leakage must be avoided (good contact between the probe and 
the sampled region). 
2. The probe must cover the sampled area with minimal sensitivity to hair 
and movement. 
GR II. The probe design must consider: 
1. The depth of the sampled region at which signals are most sensitive is 
generally assumed to be approximately equal to half the optode spacing 
(for typical spacing around 25-35 mm, the penetration depth is -15mm 
(Gibson et ai, 2005a). 
2. The maximum useful source-detector separation is normally around 30-40 
mm «Blasi et ai, 2006), (Gibson et ai, 2005 a), (Koizumi et ai, 2003), 
(Strangman et ai, 2002), depending on the source intensity). 
GR III. The probe must accommodate/sample a baby's head safely, and be 
quickly and easily removed for emergency nursing care. 
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6.3 The UCL optical topography probes 
6.3.1 The optical connector 
The optical probes developed for the UCL topography system have both 
sources and detectors coupled to the tissue under investigation via simple 
multimode PMMA optical fibres, of 1 mm diameter. These fibres are held 
within plastic ferrules inside the connectors, and a special plastic connector 
was made to accommodate both sources and detectors, depending on the 
respective ferrule (figure 6.1). 
Figure 6.1 
Cut view of 
Source Ferrule 
<1>6.2mm 
<1>4.1mm 
Source Ferrule 
inside of the 
Connector Holder 
SOURCE FIBRES 
(785 & 850 nm) 
................................... 
Plastic Connectors for UCL optical topography system. 
Cut view of 
Detector Ferrule 
Detector Ferrule 
inside of the 
Connector Holder 
<1>6.2mm 
<1>2.3mm 
The (source or detector) ferrule holder is attached to a support frame (or a 
plate) by a connector holder. The connectors maintain the ends of the fibers at 
a distance of -10 mm above the scalp, illuminating a circular area of 6 mm 
diameter (see GR 12 from item 6.2). This reduces the sensitivity of the 
measurements to slight movement of the probe and to the presence of hair 
beneath the probe (figure 6.2). 
1 ... t 
mm "'r ŸĶĶĶĶĶĤĒĚ
12mm 
<1>9.8mm 
<1> 6.4 mm 
Connector 
Holder 
<1> 12mm 
<1> 10.2mm I! ŸŸŃÜŚĚ
Figure 6.2 Plastic Connectors for UCL optical topography system. 
Source Ferrule 
inside of the 
Connector Holder 
t 10mm 
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The connectors are arranged in a specific geometry depending on the region 
to be investigated. To fix the geometry and to give support to the array, all the 
connectors are attached to a plate, which can be made from aluminium or 
flexible thermoplastic that can be moulded to the shape of the part of the body 
under investigation. Slots cut into the plate enable it to be easily deformed to 
accommodate the contour of an infant's head (figure 6.3). 
ARRANGEMENT USED FOR 
SOMATOSENSORY STUDIES VISUAL STUDIES AUDITORY STUDIES 
LEFT SIDE RIGHT SIDE 
Figure 6.3 Aluminium frames made for topographic probes. 
Studies have been performed on neonates and babies aged 6 months-old 
with distinct optical probes. 
6.3.1.1 Assessment of the effect of foam compression 
During clinical measurements some change in the compression of the foam 
could occur which may affect the data. Therefore, a series of experiments was 
performed to evaluate the effects on the detected intensity of compression of 
the protective foam of one of the connectors. A homogenous phantom was 
used consisting of a rectangular slab of 90x59x178 mm with uniform properties 
(J..Is' = 1 mm-1, J..Ia = 0.01 mm-1 @ 800 nm and refractive index of 1.56). Two 
connectors were placed on the surface with 15 mm of separation. The height 
of each connector was controllable using two independent translation stages, 
though the source connector was kept at 10 mm (equal to the foam's 
thickness) above the surface and the detector height was varied from 1 to 50 
mm. A black card was placed between the connectors to eliminate the direct 
leakage of light from one optode to the other. A source fibre and a detector 
fibre were coupled to the connectors on either side of the card. Figures 6.4 
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and 6.5 show a schematic representation and a photo of the experimental set-
up. 
SOURCE FIBRE IS CONNECTED 
TO THE UCL TOPOGRAPHIC 
SYSTEM 
SOURCE'S FERRULE INSIDE OF 
THE CONNECTOR HOLDER 
HOMOGENEOUS PHANTOM 
DETECTOR FIBRE IS 
CONNECTED TO THE UCL 
TOPOGRAPHIC SYSTEM 
DETECTOR'S FERRULE INSIDE 
OF THE CONNECTOR HOLDER 
50mm 
Figure 6.4 Schematic of the experiment to evaluate the effect of foam compression. 
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Figure 6.5 Photos of the experiment to evaluate the effect of foam compression. 
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In configuration 1, the source ferrule was rotated and fixed so that the 850 nm 
source was closest to the detector, as shown in figure 6.6. The detected 
intensity was measured for both sources and is plotted against the adjustable 
detector's height in figure 6.6. The displayed data is normalized to the 
maximum intensity observed at a detector height of 30 mm. Also plotted is the 
ratio of the intensities, normalized to the ratio at a height of 10 mm (foam 
thickness). In the compressed region of figure 6.6, curves 1 and 2 show a 
distinct difference in the relative intensities that is due to: (a) the different 
separation of the sources from the detector, (b) the foam's compression 
changing the local coupling of the source with the surface of the phantom, (c) 
wavelength-dependent properties of the phantom (Firbank et ai, 1995 and 
Firbank and Oelpy, 1993), and (d) slight fluctuations in laser diode source 
power. In the uncompressed region, the detector is not in contact with the 
phantom surface, so the detected light is due to reflection off the phantom's 
surface. Curves 1 and 2 show that intensities reach a maximum at the height 
of 30 mm, and after this point both intensities decrease with increasing 
detector height. The ratio between the normalised detected intensities is 
shown in curve 3, and for large compression a considerable change in the 
detected intensities is observed. In the uncompressed region, the detected 
intensities reach a roughly constant ratio. 
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In configuration 2 of figure 6.7, the source ferrule was rotated until the 
distances between both sources and the detector were identical. The intensity 
from both sources was measured as before and plotted (curve 1 and 2). The 
ratio between both intensities was also calculated and plotted (curve 3). In 
figure 6.7, curves 1 and 2 are more similar than for configuration 1, which is 
due to the sources having the same separation from the detector. The losses 
are slightly less because of the increase in detected intensity from source 2 
and an observed reduction of the obstruction of the light path due to the foam. 
However, in the compression region of curve 3, large compression of the foam 
still can cause a significant difference between the detected intensities. In the 
uncompressed region, the detected intensities again reach a roughly constant 
ratio. 
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Figure 6.8 shows a comparison for the detected intensities of configurations 1 
and 2. The ratio for configuration 1 is larger than for configuration 2 in the 
compressed region due to the different source-detector separations. In the 
uncompressed region, this ratio is smaller than the reference value (at the 
detector's height of 10 mm) for both configurations and the ratio for 
configuration 2 is larger than configuration 1 (the former has the same source-
detector separation). However, even for configuration 2 a ratio of one is not 
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reached possibly due to: the small differences in the brightness of the each 
laser source, slight difference in source-detector separation, and wavelength-
dependent properties of the phantom. 
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Further experiments were performed to evaluate the effects of the foam's 
compression using a hole with a conical profile (figure 6.9). 
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The conical profile was designed to conform to the known divergence of the 
source beam. It is expected that it will produce less obstruction of the light 
pathway, resulting in a smaller difference in the ratio between the detected 
intensities. The ferrule configurations 1 and 2 (described above) were 
evaluated as before using the conical profile. The profile was made using a 
heated hole-punch with the approximate desirable conical shape. The results 
for configurations 1 and 2 are shown in the following figures 6.10 and 6.11 
below. The displayed data is normalized to the maximum intensity observed at 
a detector height of 20 mm for the conical profile. 
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Figure 6.10 Curves of detected intensities (1 & 2) and ratio of the intensities (3) for 
configuration 1. 
The advantage of the conical profile over the cylindrical is clearly shown in 
figure 6.11, particularly within the compressed region, where there is less 
difference between the measured intensities. 
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Figure 6.11 Curves of detected intensities (1 & 2) and ratio of the intensities (3) for 
configuration 2. 
The conical profile exhibits less sensitivity to small compression. However, the 
differences in the detected intensities are still influenced by wavelength-
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dependent properties of the phantom and obstruction of the light pathway due 
to the foam. These results show that compression of the foam is an important 
factor and must be considered during the measurement with the topographic 
pad. Any change in compression of the foam will change the detected 
intensities. One possible solution to reduce the difference between detected 
intensities at two wavelengths is the utilization of a bifurcated fibre bundle 
instead of the double source fibre (figure 6.12). This replacement also 
requires further modifications to the software and hardware of the UCL 
Topographic System. 
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ŸĚ
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Figure 6.12 Schematic picture of the bifurcated fibre bundle. 
Some precautions should be considered prior to a measurement: (a) the 
probe should a have a good contact with the sampled surface avoiding any 
sort of unnecessary change in compression and (b) the probe should conform 
to the surface avoiding non-uniform contact of the connectors. 
6.3.2 Optical Topographic Probe I 
Optical topography probe I was developed to investigate the cortical response 
to a transitory painful stimulus during a routine heel lance procedure (insertion 
of a needle into the heel to extract a small blood sample) on a newborn term 
infant in the UCL neonatal intensive care unit (Slater et ai, 2004. The probe 
was designed with three different source-detector separations (13.5, 21 and 
26.5 mm) which provide different mean sampling depths, yielding a range in 
depth sensitivity required for three-dimensional (3D) image reconstruction 
(Everdell et ai, 2005). The distribution of sources and detectors is shown in 
figure 6.13 and consists of 4 detectors and 8 source pairs coupled to the 
probe optical fibres. 
Chapter 6. Performance of the Optical Topography Head Probes 
SOURCE-DETECTOR SEPARA TlON 
LONG: 26.5mm 
MEDIUM: 21 mm 
SHORT: 13.5 mm 
18 SOURCE PAIR 
/© DETECTOR I 
Figure 6.13 Distribution of the sources and detectors on the pad. 
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The support frame was made of an aluminium plate with 12 holes to attach 
the plastic connectors and slots to enable a controllable conformation of the 
probe (figure 6.14) to the infant head shape. 
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Figure 6.14 Aluminium frame plate. 
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The plate is also covered with a 10 mm thick layer of near-infrared absorbing 
foam (containing 6 mm - diameter holes) to provide a safe and comfortable 
optical contact with the head and prevent unwanted light reaching the 
detectors. The final arrangement is shown in figure 6.15 with the plastic 
connectors and also with the plastic fibre cables. 
Figure 6.15 Views of the optical probe and an illustration of its utilization for 
measurements on an infant doll head. 
Prior to the baby studies with the topographic pad to generate 20 maps of 
brain activation, some experiments were performed to evaluate the effects of 
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movement and compression of the optical probe on the surface of a 
homogenous phantom. The first experiment was carried out to evaluate the 
compression of the whole pad against the phantom surface. The second 
experiment was performed to demonstrate the probe performance on a 
physiological signal from the forearm. 
6.3.2.1 Assessment of the Topographic Probe I: Compression of the Pad 
A first series of experiments was performed using the rectangular slab 
phantom and the optical topographic pad. The pad was compressed against 
the surface of the phantom for 30 seconds and left un-compressed for an 
additional 30 seconds. Figure 6.16 shows the pad on the surface of the 
phantom and the distribution of the 20 recording channels (a recording 
channel corresponds to a source-detector pair for which a signal is 
measurable). 
LONG CHANNELS (6): 2,5,8, 13, 16 & 19 
MEDIUM CHANNELS (6): 3,6,9, 12, 15 & 18 
SHORT CHANNELS (8):1,4,7,10,11,14,17 & 20 
Figure 6.16 LEFT: Compression of the optical topographic pad against the phantom 
surface and RIGHT: Pad Channels (20 in total). 
Figures 6.17 and 6.18 show the raw data recorded for the 20 channels for 
both wavelengths. The signals are plotted on an absolute scale with a 
different baseline for each channel. The protocol employed for the experiment 
was as follows: (a) the pad was placed uncompressed on the slab phantom 
(figure 6.16) and data were acquired for 20 seconds, (b) a first event mark is 
registered and, simultaneously, the whole pad was compressed against the 
phantom for 30 seconds, (c) the pad was released for 30 seconds, (d) the pad 
was compressed again for a further 30 seconds and simultaneously a second 
event mark is registered and (e) the pad was completely released. The 
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recorded data from figures 6.17 and 6.18 show that the signals are strongly 
affected by noise, especially the channels corresponding to large source-
detector separations. 
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Figure 6.17 Detected intensities of the 20 channels with the event mark signal (on the 
top) at the wavelength of 785 nm. 
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Figure 6.18 Detected intensities for the 20 channels with the event mark signal (on the 
top) at the wavelength of 850 nm. 
During compression of the pad some signals change slowly due to the time it 
takes for the foam to redistribute when compressed. The different levels and 
variations in signals are due in part to changes in coupling and in part to 
movement of the foam in the path of the source beam. Following subtraction 
of the DC level of each signal, the data are re-plotted in figures (figure 6.19 (i), 
(ii) and (iii) for the three distinct separations of 26.5, 21 and 13.5 mm). 
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Figure 6.19 Detected Intensity signals for the three distinct separations during the pad 
compressed procedure, with a common baseline. The numbers represent 
the respective channels. 
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The noise level in the 785 nm-signals is larger than in 850 nm-signals due to 
the effects of the relative position of the sources and the compression of the 
foam, as described earlier in the section 6.3.1.1. Also, the short source-
detector separation channels show a lower noise level when compared with 
the other channels, even for the smaller wavelength. Figure 6.20 shows a 
sequence of images generated at the two wavelengths, which are obtained by 
using a linear reconstruction algorithm (see sections 2.6.3.1 and 4.3) on the 
recorded data. These images have the same reference given by the event 
mark signal (event mark 1, from figure 6.17), and are used to identify regions 
where the compression causes apparent change in absorption.The baseline 
was acquired during the initial 20 seconds. 
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Figure 6.20 Sequence of absorption images at a 10 s time interval showing the change 
in signals due to the foam compression at 785 and 850 nm, respectively. 
Chapter 6. Performance of the Optical Topography Head Probes 153 
The sequence of images in figure 6.20 show the apparent changes in 
absorption resulting from the changes in the signal when the optode coupling 
varies and when (transverse and/or longitudinal) motion of the foam occurs in 
the light pathway. These changes are associated with the variation in the 
internal profile of the holes (mainly) and in the thickness of the foam, as 
summarised and schematically represented in figure 6.21. 
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Figure 6.21 Representation of the internal profile of the hole made in the protective foam 
and effects on the light pathway. 
The figure above shows the following: 
• When the foam is uncompressed the intensity of detected light depends on 
the light pathway for the respective source and detector. Measurements for 
zero compression represent the baseline, figure 6.21 (i) condition. 
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• ØŸŤĚred (bright) regions indicate an apparent increase in absorption caused 
by blockage of the light pathway (a reduction of the detected intensity 
below the baseline), figure 6.21 (ii) and (iii) conditions. 
• The blue (or dark) regions represent an apparent decrease in absorption 
(due to an increase in detected intensity), which indicate the light pathway 
has been slightly improved and/or there is better coupling of the fibre (or 
fibres) with the phantom surface, figure 6.21 (iv) condition. 
A second series of experiments was performed with the topographic probe, in 
order to evaluate the contamination of the image with artefacts. The first data 
protocol was defined as follows: (a) the probe was placed on the phantom and 
held at a constant height of 10 mm (uncompressed foam thickness) above the 
surface; (b) data for the baseline were acquired for -10s; (c) the acquisition 
was stopped to select an event mark, and then a further -10s of data were 
acquired. Figure 6.22 shows the images reconstructed from the differences 
between the two measurements at both wavelengths. 
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a18a 
786nm 860nm 
Representation of the lateral view of the experiment and the reconstructed 
images for both wavelengths_ The probe is placed against the phantom 
without compression. Note that the scales are slightly different. 
No changes to the position or compression of the probe was made between 
the two measurements, and as expected, the reconstructed images in figure 
6.22 show no significant artefacts within the sampled region (the area directly 
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beneath the probe). Any small apparent changes in absorption must be due to 
small laser power fluctuations or other sources of random noise in the system. 
The average change in absorption and corresponding standard deviation are 
calculated for both images. The average values are very small with also small 
standard deviations, as expected. 
The second protocol for data acquisition is described as follows: (a) the probe 
was held at the same position as for the first protocol; (b) a baseline 
measurement was acquired for 10 seconds; (c) the acquisition was stopped 
and the probe was compressed with a constant pressure on its central region 
(between the central optodes), and (d) data were acquired for a further 10 
seconds during the compression. Figure 6.23 shows the reconstructed images 
generated using the differences between the baseline and the data acquired 
during compression for both wavelengths. 
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785nm 850nm 
Representation of the lateral view of the experiment and a sequence of 
reconstructed images for both wavelengths. The probe is placed against the 
phantom and compression is applied at the central region of the probe. Note 
that the scales are slightly different. 
The images show a random distribution of artefacts. The average change in 
absorption and standard deviation is again determined for both images. The 
average values are still relatively small with a small standard deviation. In 
comparison with the previous experiment, the calculated standard deviations 
show similar values, which indicates that an approximately even compression 
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of the pad (foam) produces only a small apparent change in the absorption 
coefficient, or a low level of artefacts. 
The third protocol for data acquisition is described as follows: (a) the probe 
was held at the same location as for the first protocol; (b) a baseline 
measurement was acquired for -10 s; (c) the acquisition was stopped and the 
probe was compressed with a constant pressure on its right edge, and (d) 
data were acquired for a further 10 s. The left edge of the probe was 
maintained at a constant height of 10 mm. The pressure was applied evenly 
over the length of the right side, and the degree of compression is expected to 
decrease over the longitudinal direction, from right to left. Figure 6.24 shows 
the reconstructed images generated from the compression-induced difference 
in measurements at both wavelengths. 
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Representation of the lateral view of the experiment and a sequence of 
reconstructed images for both wavelengths. The probe is placed against the 
phantom and compression is applied along the right edge of the probe. Note 
that the scales are slightly different. 
The reconstructed images show that the sampled area is filled with artefacts. 
The top half of both images show a fairly even distribution with a slight overall 
apparent decrease in absorption, which is likely due to better coupling as a 
result of movement of the foam, as shown in figure 6.21 (iv). The bottom half 
shows some large apparent increases in absorption, suggesting that some 
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sources and detectors become blocked due to the longitudinal motion of the 
foam (particularly for the shorter s-d separations). There is some correlation 
between the (decreasing) change in the distribution of compression from right 
to left with the magnitude of the artefacts. Although the magnitude of the 
mean change in absorption is comparable to the first experiment (no 
compression), the standard deviation is roughly twice as large. 
Finally, the fourth protocol for data acquisition is described as follows: (a) the 
probe was held at the same location as for the first protocol; (b) a baseline 
measurement was acquired for - 10 seconds; (c) the acquisition was stopped 
and the probe was compressed with a constant pressure on its left edge, and 
(d) data was acquired for a further 10 seconds. The right edge of the probe 
was maintained at a constant height of 10 mm. The pressure was applied 
evenly over the length of the left side, and the degree of compression is 
expected to decrease over the longitudinal direction, from left to right. Figure 
6.25 shows the images reconstructed from this data for both wavelengths. 
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Figure 6.25 Representation of the lateral view of the experiment and reconstructed 
images for both wavelengths. The probe is placed against the phantom and 
compression is applied along the left edge of the probe. Note that the scales 
are slightly different. 
The reconstructed images again show artefacts in the sampled area, although 
the distribution is somewhat different at the two wavelengths. The top of the 
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sampled area is more affected than the bottom, with artefacts clearly showing 
apparent increases in absorption. The lower half shows no overall change, 
probably because effects which cause an increase in intensity are cancelled 
by those which cause a decrease in intensity. The standard deviation in the 
change in absorption is similar to the last experiment. 
From the results above we can deduce that compression in the centre of the 
pad generates less artefacts and less change in apparent absorption than 
compression on the extremes. This is due to the smaller changes to the 
obstruction of the light by the foam when compression is applied evenly 
downwards. 
We can conclude the following from the experiments: 
• even if the topographic probe is only slightly compressed against the 
phantom, artefacts are likely to occur; 
• compression produces changes in the distribution of foam, which can 
partially or even completely block the light pathway; 
• compression can also produce an increase in signal (due to improved 
coupling), particularly if the compression is applied centrally and evenly; 
• central compression generates less artefacts than lateral compression, and 
• the effects of compression can be highly complex and difficult to predict. 
Note that it is not compression itself that produces artefacts, but changes in 
compression between the acquisition of baseline data and the acquisition of 
data during a haemodynamics response. During clinical studies, undesirable 
changes in compression can occur, such as caused by motion of the baby's 
head. These artefacts can be wrongly interpreted as changes in absorption 
and will prevent an accurate evaluation of the physiological phenomena under 
investigation. Since compression in the central region of the pad produces 
less artefacts than compression of the edges, this suggests that the probe 
should be mechanically supported via the centre of the probe when applied to 
the head or other part of the body. 
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6.3.2.2 Assessment of the Topographic Probe I: Pressure Cuff 
Measurements 
In order to demonstrate the system performance on a physiological signal, an 
experiment was performed on the forearm of an adult volunteer, looking at the 
changes that occur in response to venous and arterial occlusions. The 
volunteer had the bendable topographic pad attached to the underside of the 
lower forearm and a blood pressure cuff was placed around the upper arm 
(figure 6.26). 
Topographic Probe 
placed on the 
forearm 
Figure 6.26 Schematic picture of the passive cuff experiments. 
For the first experiment, the data protocol was defined as follows: (a) baseline 
recording for 60 s; (b) venous cuff occlusion at 40 mmHg, during 0 - 260 s; (c) 
venous cuff release at 260 s; (d) rest and recovery from 260 - 490 s. Figure 
6.27 shows a plot of the Hb02 and Hb changes, which were calculated using 
the equations [2.22] and [2.23]. It also shows the results for selected channels 
(Le. those with the shortest source-detector separation and with less noise). 
The results match with the expected changes in both [HbOi/ and [HbJ during 
this manoeuvre: during venous occlusion, both [HbOi/ and [HbJ should rise as 
the normal venous flow is restricted while arterial blood continues to flow into 
the arm (Vaithianathan et aI, 2004). 
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Figure 6.27 Detected signals (change in concentration) for the channels 4, 7, 11, 17 and 
20 during venous occlusion. 
For the second experiment, the volunteer was subjected to an arterial 
occlusion. With the pad and a pressure cuff placed at the same positions 
described above, the acquisition protocol was as follows: (a) baseline 
recording for 60 s; (b) arterial cuff occlusion at 200 mmHg, during 0 - 250 s; 
(c) arterial cuff release at 250 s; (d) rest and recovery from 250 - 490 s (figure 
6.28). 
30 
20 
ÍŊGÕŸŸŸŸWÜŸĚi 0 
·10 
·20 
·30 
Figure 6.28 Detected signals (change in concentration) for the channels 4, 7, 11, 17 and 
20 during arterial occlusion. 
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As shown in figure 6.28 during arterial occlusion, all blood flow into the arm 
ceases, but tissue continues to consume oxygen, resulting in a decrease in 
[Hb021 and increase in [Hbj. After the release of the occlusion, there is a 
sudden flowing of arterial blood (known as reactive hyperaemia) 
(Vaithianathan et aI, 2004), (Hamaoka et aI, 2000). 
6.3.2.3 Study of Somatosensory Cortex using Probe I 
The probe was gently deformed to conform to the infant head and held 
manually directly above the estimated position of the somatosensory cortex, 
centered on the midline. Data were recorded continuously for 5 minutes 
before, during, and after a right heel lance (to obtain a blood sample). The 
recorded changes in intensity due to the stimulus were used to generate 3D 
images representing the change in absorption (in arbitrary units) occurring in 
the tissues beneath the probe. Due to the nature of the stimulus it is not 
possible to obtain data that can be subsequently block averaged to increase 
the signal to noise ratio. The images were obtained using a linear 
reconstruction algorithm. Figure 6.29 shows an image of the change in 
absorption at a 785 nm occurring at depths of 5, 10 and 15 mm below the 
surface. The image reveals an increase due to additional blood flow to the left 
side of the cortex, and a corresponding decrease on the right side. The colour 
scale (or greyscale) is normalized between the maximum (red/white) and 
minimum (blue/black) change in absorption. 
MEAN ± STD DEVIATION 
19.2x10-6 ± 9.2x10'" mm·1 
MAx NEGATIVE CHANGE 
JJ. = - 0.030 mm-1 
LEFT ! RIGHT 
SIDE I SIDE 
5mm 
LEFT ! RIGHT 
SIDE I SIDE 
10mm 
MAx POSITIVE CHANGE 
P. = 0.028 mm-1 
15mm 
Figure 6.29 Map of absorption change (linear reconstruction) in the neonatal cortex 
due to a single pain stimulus at distinct depths (viewed from above). 
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Also, figure 6.30 shows a sequence of images which show the change in 
absorption in time intervals of 1 s at 785 nm occurring at a depth of 5 mm. 
MEAN ± STD DEV1ATION MAx NEGATIVE CHANGE 
19.2x10.e ± 9.2x10-04 mm,l JJ, = - 0.030 mm,l 
-1 S BEFORE HEELPRICK HEELPRICK 
-3 S AFTER HEELPRICK -4 S AFTER HEELPRICK -5 S AFTER HEELPRICK --6 S AFTER HEELPRICK -7 S AFTER HEELPRICK 
Figure 6.30 Sequence of images showing the change in absorption at 785 nm at a depth 
of 5 mm (right heel lance). 
These findings agree with previous measurements obtained by (Slater et ai, 
2004), who used a two channel NIR spectrophotometer to investigate cortical 
pain processing in neonates using the haemodynamic response in the 
somatosensory cortex due to a right heel lance for blood sampling. An 
increase of concentration of total Haemoglobin ([total Hb] = [Hb]+[HbOif) was 
observed in the contralateral (on the opposite side of the stimulus) 
somatosensory cortex and a decrease in the ipsilateral (on the same side of 
the stimulus) somatosensory cortex. 
6.3.2.4 General conclusions about the design of the topographic probe I 
• The shapes and sizes of babies heads are very variable (see figures 5.33 
and 5.35), so the pad is design to bend to conform with the babies heads. 
This is likely to change the internal profile of the foam (see figure 6.21). 
• Small values for the thickness of the foam are not recommended due to the 
necessity for good coupling, comfort and safety of the infant. In addition, a 
small foam thickness increases the sensitivity of the measurements to 
slight movement of the probe and to the presence of hair beneath the 
probe. 
• The probe must have an appropriate curvature to conform to the infant 
head to avoid gaps between the head and the probe and excessive stress 
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on the edges of the probe, which potentially can block the light pathway in 
the foam. 
• A constant and even compression is not a complete reality, although slight 
changes in compression can be tolerated and will produce proportional 
small change in magnitude of absorption (see figure 6.23) 
6.3.2.5 Evaluation of the general recommendations of the topographic 
probe I 
The design of the probe was evaluated accordingly with the general 
recommendations described in section 6.2. 
USEFUL DATA REQUIREMENT STATUS OUTCOME 
GRI GRI1 ESSENTIAL PASSED 
GRI2 ESSENTIAL PASSED 
FINAL STATUS 
PASSED, THE DESIGN OF THE OPTODE HAS TAKEN IN ACCOUNT THE DIVERGENCE OF 
THE LIGHT BEAM (SEE FIGURES 5.10 AND 6.1). 
REQUIREMENT STATUS OUTCOME 
GRII GRII1 ESSENTIAL PASSED 
GRII2 ESSENTIAL PASSED 
PASSED, THE PROBE ENABLES DATA TO BE RECORDED AT 3 DIFFERENT SOURCE-
FINAL STATUS DETECTOR SEPARATIONS, NEEDED FOR 3D IMAGE RECONSTRUCTION. PASSED, THE 
MAXIMUM SOURCE-DETECTOR DISTANCE WAS UNDER THE LIMITING RANGE 
GR III SAFETY I REQUIREMENT STATUS 1 OUTCOME GRill I ESSENTIAL I PASSED 
FINAL STATUS 
PASSED, THE PROBE HAS NOT LEFT MARKS OVER THE SAMPLED REGION ON THE 
BABY'S HEAD. 
The design and manufacture of the probe under the recommendations has 
proved to be successful. 
6.3.3 Optical Topographic Probe II 
Another probe has been designed for optical topography studies of the visual 
cortex of babies aged 6-months-old, which are being investigated by Prof. 
Mark Johnson and colleagues at Birkbeck College in collaboration with our 
group at UCL. This probe has a different design from the previous topographic 
probe I, with a distribution of sources and detectors arranged to maximize the 
number of source-detector pairs with 3 different separations at 14.6 mm, 17.1 
mm and 23.0 mm, and to cover a large portion of the surface visual cortex 
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with interrogation at different depths (Blasi et aI, 2006). The distribution of 
sources and detectors is shown in figure 6.31 and consists of eight detectors 
and eight source pairs. The support pad was also made of an aluminium plate 
(1mm thickness) with 16 holes to attach the connectors, and with several slots 
to enable the plate to be easily conformed to the head surface (figure 6.31). 
SOURCE-DETECTOR SEPARA TlON 
LONG: 23mm 
MEDIUM: 17. 1 mm 
SHORT: 14.6mm 
18 SOURCE PAIR 
I© DETECTOR 1 
Figure 6.31 LEFT: Support for the optodes. RIGHT: Pad Channels (30 in total). 
Some minor modifications were required to the control software of the UCL 
topography system for this probe configuration, which in general consists of a 
new source-detector pair list in a header file for those which are expected to 
provide a measurable signal. The final arrangement with the plastic 
connectors is shown in figure 6.32 below, and for these studies the probe 
incorporated some Velcro ™ and Coban ™ strips, enabling the pad to be 
comfortably held onto the baby's head. 
Figure 6.32 Views of the optical probe for visual cortex studies and an illustration of its 
utilization. 
6.3.3.1 Study of the Visual Cortex using probe II 
The study that was performed involved older infants, between 4 and 6 months 
of age. This was an attempt to repeat a study that had previously been 
performed with the NIRO 300 infrared spectroscopy system (Csibra et aI, 
2004). The objective of the experiment is to test whether the UCL topography 
system is able to detect subtle differences between evoked responses to two 
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complex visual stimuli in the babies. Figure 6.33 shows a subject settled with 
her parent during the experiment. 
Figure 6.33 Baby with the topographic probe settled with her parent. 
In this experiment the centre of the optode array was placed on the visual 
cortex area of the brain, 10% above the inion (a projection of the occipital 
bone that forms a slight lump at the back of the head just above the neck (Hall 
et ai, 1989» and across the midline, covering parts of both the temporal and 
parietal lobes. The baby was sat in front of a video screen and encouraged to 
watch the displayed images for as long as possible. The stimuli were 
presented in a cyclic loop and started with an animated cartoon to attract the 
baby's attention (during at least 10 s), 10 varying face images (1 per second) 
and more cartoons for 10 seconds. If it was considered that the baby's 
attention on the cartoons was kept for at least 4 continuous seconds, 
additional 10 noise images were presented (1 per second). Face stimuli were 
full colour images of 5 female faces and noise stimuli were artificially 
constructed images (figure 6.34) with the same spatial frequencies and as the 
faces. 
Figure 6.34 LEFT: Face stimuli and RIGHT: Noise stimuli. 
This time span allowed several cycles of data to be block-averaged together. 
The subject was filmed throughout the experiment so the video could be 
compared with the data with a view to identifying movement artefacts (Csibra 
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et ai, 2004), (Blasi et ai, 2006). Figure 6.35 shows the linear image 
reconstruction of the change in concentration of oxy-haemoglobin when the 
infant's attention is focussed on the face stimuli and noise stimuli. 
+8 o 
-8 
[He02] FOR FACE TRIALS 
Figure 6 .35 Image reconstructions for change in [Hb021 for: LEFT- Face stimUli (elapsed 
time 10.2 s) and RIGHT- noise stimuli (elapsed time 6.5s). 
6.3.3.2 Evaluation of the general recommendations of the topographic 
probe II 
The design of the probe was evaluated accordingly with the general 
recommendations described in section 6.2. 
USEFUL DATA REQUIREMENT STATUS OUTCOME 
GRI GRI1 ESSENTIAL PASSED 
GRI2 ESSENTIAL PASSED 
FINAL STATUS PASSED. 
DESIGN REQUIREMENT STATUS OUTCOME 
GRII GRII 1 ESSENTIAL PASSED 
GRII2 ESSENTIAL PASSED 
FINAL STATUS PASSED. 
GR III SAFETY I REQUIREMENT STATUS I OUTCOME 
GR '" I ESSENTIAL I PASSED 
FINAL STATUS PASSED. 
The design and manufacture of the optical probe II under the 
recommendations has proved to be successful. 
6.3.4 Optical Topographic Probe III 
For auditory studies, another probe has been developed to be utilised for 
optical topography studies of the auditory cortex of babies up to 2 months-old, 
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which are being investigated by Professor Heather K J van der Lely and 
colleagues at Centre for Developmental Language Disorders & Cognitive 
Neuroscience-Dept Human Communication Science (UCL). Initial efforts to 
collect data for clinical experiments involved two pads are being held manually 
in position on the baby's head by the physician (or nurse) or using Velcro™ 
and Coban ™ strips or caps to attach the probe (figure 6.36). However, the 
measurements are still strongly influenced by head movement. 
Figure 6.36 Attempts to stabilize the pad over the infant head, LEFT: with strips and RIGHT: 
with a cap. 
We developed a prototype to be used, especially, for auditory studies on a 
baby in a cot (our own topographic imaging cot). The prototype holds the pair 
of pads in a desired location which can be varied accordingly to the size and 
shape of the infant head (figure 6.37). 
Figure 6.37 LEFT: Topographic imaging cot and RIGHT: An evaluation of the probe using a doll 
(size equivalent to a baby of 2 months-old). 
During the development of this probe the general recommendations 
established in section 6.2 were observed and increased in some aspects 
compatible with the general recommendations for the design of the third 
prototype of adaptable helmet (section 5.2.2.4 and 5.3.1.2). Thus, for the 
design of this topographic probe the following are added to GR II: 
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3. The probe must support the weight of the baby's head and the attached 
fibre bundles without collapsing. 
4. The optical array needs to be adaptable to a large range of sizes and 
shapes of babies heads (figure 5.10), including a mean head 
circumference from term to 6 months-old of -35 to 43cm. 
5. Ergonomic design parameters have to be taken in account to better 
accommodate the infant's head, such as the mean head width and the 
mean head length. For infant babies from 27 weeks to - 6 months age, the 
range of head width is -6.4 to 11 cm, and head length -8.4 to 15 cm (Hall 
et aI, 1989). 
Also, the following are added to GR III: 
1. The portability of the probe is desirable (see figure 6.37 the probe is easily 
accommodated inside a cot). 
2. It is desirable to easily and safely remove parts of the probe (support arm 
and pad) from the rest of the frame. 
3. It must be possible to access the baby quickly for emergency nursing care. 
4. The natural cavities (ears, nose and eyes) must be completely shielded 
from the incident NIR-light, especially the eyes. 
5. It is desirable that the whole structure of the probe be compatible with 
other medical apparatus (e.g. nasal tubes, feeding lines). 
6. The probe (or its pads) must be held on the sampled surface without 
producing pressure marks on the scalp. 
The topographic probe consisted of two parts: a base to support the infant 
baby head and the pair of pads which are supported by two adjustable arms. 
These arms allow the probe to accommodate head sizes of infants from 24 
weeks gestational age to 3 months-old. The base was made of 
thermoplastic™, which was moulded to make it suitable for the back of the 
infant heads. The template used for moulding was made in cardboard from 
photographs (3 orthogonal directions) of an appropriate doll. The base is 
supported by four pillars, which are attached to a plate (figure 6.38). The plate 
provides mechanical stability of the arrangement and also it gives flexibility to 
the arrangement to be used with a cot. 
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SUPPORT BASE Screw for height control 
ŸĶJJJĴĶĶĶJJJJÚĚSUPPORT PILLAR 
JL 
........... Screw for fixation of the pillar on 
the plastic base 
SUPERIOR VIEW OF THE 
PLA TE WITH THE FOUR 
SUPPORT PILLARS 
Holes for 
fixation of the 
thermoplastic 
base & arch 
Figure 6.38 LEFT: Support base of the topographic probe III. RIGHT: Representations of 
support pillar and the plate with pillars. 
The pillars are also hollow, which enables the support arch of the adaptable 
arms to be supported within them, as shown figure 6.39. 
Arm Joint 
Locking 
screw 
Horizontal 
Screw Lock 
Thennoplastic 
base 
SUPPORT ARCH & PADS 
Bar for horizontal movement of the pad 
Auditory Pad 
...... Locking screw 
Figure 6.39 Representation of the support-arch with the auditory pad-arm for left side. 
The pair of joints on each arm permits the arm to extend or contract. These 
movements also allow the distance between pads to be adjusted, which 
enables the probe to accommodate a large range of shapes and sizes of 
infant head. The support of each pad is attached approximately in the centre 
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to reduce generation of artefacts due to changes in compression (see figure 
6.23). Figure 6.40 shows the probe adjusted for two distinct pad-pad 
separations. 
SMALL SEPARAnON 
CLOSE UP OF THE ARM AND 
OF THE JOINT 
LARGE SEPARAnON 
Figure 6.40 Topographic probe adjusted for two distinct head circumferences. 
Each pad consists of an aluminium frame lined with protective, NIR- absorbing 
foam and plastic connectors, which are used to attach the source and detector 
fibres. Each frame has slots to enable conformity to the shape and size of the 
infant head. The pads were designed to be suitable for studies of the auditory 
cortex on either side of the brain. The distribution of sources and detectors is 
shown in figure 6.41, and consists of eight detector-source pairs. 
RIGHT SIDE LEFT SIDE 
r ' 
J ŸŸIŸJ ĦĚ
I) f@' Ē ŸGJĮŲĚ
ȚȚŸJW ĦĴĚ
GĮ· G ·· ·ŸĚ
INFERIOR VIEW 
LONG CHANNELS (35mm): 3,6,11 & 15,19,23 
MEDIUM CHANNELS (25mm): 2.7, 10 & 14, 18,22 
SHORT CHANNELS (23mm):1,4,5,8,9,12 & 
13,16, 17,20,21,24 
18 SOURCE PAIR 
IQ DETECTOR 
Figure 6.41 LEFT: Support frame. RIGHT: Left and Right Pads (12 + 12 channel, 24 in total). 
The final arrangement is shown in figure 6.42, with some of its features. 
FEA TURES OF THE PROTOTYPE 
HEAD MAX 41cm 
-_._-------_.,--------
CIRCUMFERENCE (OFC) MIN 22cm 
HEAD WIDTH 
MAX 13.5 cm 
MIN 6.5cm 
-
-_ .. ----
LEFT PAD 08 
CONNECTORS 08 RIGTH PAD 
Figure 6.42 The final arrangement of the topographic probe III. 
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6.3.4.1 Study of the Auditory Cortex using topographic probe III 
A study was performed on a male infant of 2 months +1week_old. The infant was 
placed into the topographic imaging cot with a loudspeaker beside its feet and 
oriented toward him, and the probe was gently placed on the estimated 
locations of the temporal areas of the head (figure 6.43). 
LEFT LA fERAL VIEW 
D: 10% OF THE DISTANCE 
Figure 6.43 LEFT: The infant sleeping comfortably with its head inside the probe, and 
RIGHT: schematic representation of the location of the Left-probe on the 
baby's head 
The stimuli used for optical topography studies of the auditory cortex of babies 
consists of blocks of 5 seconds of sounds followed by 5 seconds of silence. 
These blocks are presented in random order with 6 possible experimental 
conditions: native language (English), foreign language (Arabic), emotional 
sounds (human vocalizations), animal vocalizations (monkey calls), scrambled 
controls, and silence. The blocks are assembled into runs of 6 minutes each. 
A given run contained 5 blocks of English, 5 blocks of Arabic, 5 blocks of 
emotional sounds, 5 blocks of monkey sounds, 10 blocks of scrambled 
controls, and 5 blocks of silence. The stimuli (blocks) are applied in 
synchronization with the data acquisition. Later, the changes in [HbOil, [Hb] 
and [total Hb] within the bilateral temporal areas are determined from the raw 
signals using the MBLL (see section 2.6.1). As a response to the stimuli, 
simple images are generated using the difference between the mean values 
of [total Hb] during stimulation and baseline for each experimental condition. 
Some preliminary results are shown in figure 6.44 of the response to 
emotional sounds versus silence. 
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DISTRIBUTION OF THE CHANNELS IN THE DIAGRAMS 
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RIGHT TEMPORAL ESTIMATED RIGHT LEFT TEMPORAL ESTIMATED LEFT TEMPORAL LOCATION OF TEMPORAL AREA AREA LOCATION OF AREA (towards back THE AUDITORY ("'TEMPORAL ("'TEMPORAL THE AUDITORY AREA (towards back of of the head) CORTEX POLE POLE) CORTEX the head) 
LIKELY REGIONS OF AUDITORY RESPONSE LIKELY REGIONS OF AUDITORY RESPONSE 
(CENTRAL AND EXTERNAL REGIONS) (CENTRAL AND EXTERNAL REGIONS) 
Figure 6.44 The preliminary response of the auditory cortex with the probes placed on 
the estimated location of the bilateral temporal area. 
The images are generated using a programme developed by Professor van 
der Lely's group, and show the changes in total blood volume. The values are 
normalized for the maximum (yellow) and minimum (light blue) changes in the 
total blood volume, using a colour scale: yellow, orange, red, brown, black (no 
change), blue, light blue. The external regions of the images show an 
apparently larger activation than the internal regions. 
6.3.4.2 Evaluation of the general recommendations of the topographic 
probe III 
The design of prototype was evaluated accordingly with the general 
recommendations described in sections 6.2 and 6.3.4. 
USEFUL DATA REQUIREMENT STATUS OUTCOME 
GRI GRI1 ESSENTIAL PASSED 
GRI2 ESSENTIAL PASSED 
FINAL STATUS PASSED, THE DESIGN OF THE OPTODE HAS TAKEN IN ACCOUNT THE DIVERGENCE OF THE LIGHT BEAM (SEE FIGURES 5.10 AND 6.1). 
DESIGN REQUIREMENT STATUS OUTCOME 
GR" 1 ESSENTIAL PASSED 
GRII GR"2 ESSENTIAL PASSED 
GR"3 ESSENTIAL PASSED 
GR"4 ESSENTIAL PASSED 
GR"5 ESSENTIAL 
FINAL STATUS PASSED. 
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SAFETY REQUIREMENT STATUS OUTCOME 
GRill 1 DESIRABLE PASSED 
GRII12 DESIRABLE PASSED 
GR III GRill 3 ESSENTIAL PASSED 
GRII14 ESSENTIAL PASSED 
GRII15 DESIRABLE NOT TESTED 
GRII16 ESSENTIAL PASSED 
FINAL STATUS FOR THIS DESIGN, THE GR III WAS PASSED, ALTHOUGH SOME MODIFICATIONS MAY 
BE PERFORMED TO ALLOW MEDICAL KITS. 
The design and manufacture of the optical probe III under the set of 
recommendations has proved to be successful. 
6.3.5 Discussion and Conclusions 
Although the best way to reconstruct topographic data is still under 
investigation, the probes have been proved to be successful so far for data 
acquisition during clinical of studies of the somatosensory, visual and auditory 
cortices. Studies of the effects of changes in compression of the probe have 
shown that it is essential to minimise movement of the probe during studies, 
and emphasized the importance of probe robustness and stability when 
designing optical probes. 
Chapter 7 
Summary and Conclusions 
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7.1 Introduction 
Diffuse optical imaging of the brain has been subject to considerable research 
interest at UCL and elsewhere for more than ten years. However, coupling a 
large number of optical fibre bundles to the head in order to perform imaging 
studies on patients and volunteers has remained a difficult and rather 
neglected problem. The work described in this thesis has focussed on the 
development of fibre optic probes for performing optical imaging of the brains 
of newborn infants. Specifically, the probes have been designed to perform 
measurements with the UCL 32-channel time resolved tomography system 
(MONSTIR) and the UCL frequency-multiplexed optical topography system. 
7.2 Probe for optical tomography 
In order to develop a probe suitable for performing optical tomography of the 
infant brain using MONSTIR, it was first determined that it must: 
(a) accommodate a large range of sizes and shapes of babies' heads (from 24 
weeks gestational age to term); 
(b) provide full or partial coverage of the scalp to monitor the brain during 
functional stimulation; 
(c) provide mechanical strength, comfort and safety for the baby and also to 
enable the measurement of the positions of the fibre bundles, and 
(d) enable reliable, artefact-free data to be collected for optical image 
reconstruction. 
Initially, custom-made helmets were manufactured for each individual infant, 
which yielded useful data and several studies involving such helmets were 
published. However, helmet manufacture was a time-consuming and highly 
skilled process, which caused less studies to be performed than otherwise 
would have been. Nevertheless, helmet construction provided a valuable 
insight into the necessary requirements for an interface between the 32 optical 
fibre bundles from MONSTIR and the fragile preterm infant baby head. This 
early period of the project enabled ideas to be developed which informed the 
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subsequent designs for an adaptable helmet suitable for a range of infant 
heads. 
The first adaptable helmet consisted of two shells which supported an array of 
radially translatable connectors to which the fibre bundles were attached. 
Unfortunately this helmet was not successful, largely because of its tendency 
to leave pressure marks on the rear of the infants' heads. However, its design 
led to the specification of a series of general requirements (GRs) against 
which later designs were evaluated. 
A second prototype was developed made of three sections, based again on 
radially translatable connectors but with a pad to support the weight of the 
head. This prototype was modified after each experiment in an attempt to 
improve its performance and the quality of the recorded data. During this 
period of the project an alternative and novel reference phantom was 
developed for infant tomographic studies, made of a thin head-shaped latex 
shell. This replaced the balloon phantom and avoided the constant risks of 
bursting of the balloon, and no longer required the tubing circuit with valves 
and syringe used to fill the balloon with the intralipid solution. Despite 
modifications to the second prototype,- an evaluation of the quality of the data 
obtained with the helmet indicated that its average performance was still 
inferior to that of the average custom-made helmet. As a result, further 
improvements to the coupling of the optodes to the top and sides of the head 
were necessary. Some additional recommendations were included in the 
initial set of GRs. 
A third prototype was developed using an upper pad section (a foam lined 
slotted aluminium pad), a lower pad to support the weight of the head, and a 
fixed coronal section with translatable connectors with flexible rubber flanges. 
The results have shown that the average performance of this third prototype is 
superior that of the customized helmets. This third prototype has been used 
successfully in all the most recent infant studies, including acquisition of static 
images of the brain and imaging of changes in cerebral blood oxygenation 
produced by temporary alterations in nasal oxygen flow. 
Chapter 7. Summary and Conclusions 177 
Evaluation of the third prototype was assisted by analyzing the density of 
direct lines-of-sight across the head between sources and detectors which 
yielded measurable (and artefact-free) signals. A computer programme was 
developed which plotted the mesh-projection images which indicated the 
lines-of-sight, and these images were correlated with the corresponding 
reconstructed images. This revealed that a low density of lines across the 
centre of the head is more likely to be associated with a reduction in the 
largest source-detector separations (due to greater probability of noise 
contamination, and so to be rejected as useful data), and a lower fraction of 
un-rejected data (i.e. lower performance). This analysis may serve as a useful 
guide to data quality preliminary to performing 3D image reconstructions with 
the data. 
Overall, the adaptable helmet development process has enabled the list of 
GRs to be refined, which now represent a valuable set of guidelines for any 
subsequent development of probes for optical tomography of the newborn 
infant brain. 
7.2.1 Future work 
The final prototype of helmet has been successfully used in the clinical 
environment with MONSTIR for recording data for static imaging studies and 
imaging changes in cerebral blood oxygenation produced by alteration in 
nasal oxygen flow. This probe continues to be used for further 3D tomography 
studies on newborn infants, such as on-going imaging studies of response to 
auditory, language, and somatosensory stimuli. 
Further imaging static studies may also be carried out to perform a 
quantitative analysis of the relationship between the density of lines-of-sight 
within the mesh-projection and the reconstructed images.' 
Further work is also in progress to investigate the effectiveness of a reusable 
PVA gel-filled head-shaped reference phantom for infant tomography studies 
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(Hebden et ai, 2006), as a possible replacement of the intralipid-filled latex 
head phantom (figure 7.1). 
Figure 7.1 A PVA gel-filled head-shaped reference phantom. 
Further mechanical modifications to the helmet design may be investigated, 
such as: a set of alternative top sections to provide optimum sampling of a 
greater range of infant head sizes, and especial supports for medical kits (e.g. 
pipes and tubes for infants under oscillating ventilators). 
7.3 The topographic probes 
Optical arrays or topographic probes were also made for use with the UCL 
frequency-multiplexed near-infrared topography system for imaging functional 
activation in the infant brain. Three distinct optical arrays were developed: 
(a) the first probe was made to investigate the cortical response to a transitory 
painful stimulus during a routine heel lance procedure in preterm babies; 
(b) a second probe was designed for optical topography studies of the visual 
cortex of babies aged 6-months-old, and 
(c) a preliminary third prototype was developed for optical topography studies 
of the auditory cortex of babies aged 2-months-old. 
The development of the first two probes was based on an initial set of general 
requirements which ensured the designs met a minimum set of conditions for 
safety, comfort, and data quality. The third probe designed for auditory studies 
was based on a revised set of general requirements, which incorporated some 
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of the important design criteria employed for the tomography probes. Because 
the topography probes were often to be used on older infants who have a 
strong tendency to move, experiments were performed to evaluate the effects 
of probe motion and compression of the foam on the data, and the 
subsequent effects on the reconstructed maps of functional activation (which 
represent the changes in absorption). 
The second topographic array has been used successfully to investigate 
whether the UCL topography system is able to detect subtle differences 
between evoked responses to two complex visual stimuli in babies. Studies 
using the third array, which consists of two pads placed over the auditory 
cortex on each side of the head, are currently still in progress, although 
preliminary results are encouraging. 
As for the adaptable helmet, the development process has also enabled a list 
of design guidelines to be compiled, which should be very useful for future 
topographic probe manufacture. 
7.3.1 Future work 
Studies of functional activation in the infant brain are currently in progress 
using the probes developed for this project, and similar studies of the adult 
brain are also being planned. Some re-design of the probe may be necessary 
for adult studies, to increase the mean source-detector separation to improve 
sensitivity to deeper tissues. Further work is required to investigate alternative 
arrangements of sources and detectors, and to determine what arrangement 
might give the optimum sampling (over a continuous range of depth) for 3D 
image reconstruction. 
7.4 Publications 
A paper on the development of optical probes for the UCL optical imaging 
systems was presented at a conference organised by the Optical Society of 
America (OSA) in Miami in March 2006: 
Chapter 7. Summary and Conclusions 180 
Branco, G., Everdell, N.L., Gibson, A.P., Delpy, D.T., Hebden, J.C., 
Slater, R., Cantarella, A. and Meek, J.H. "Development of head probes 
for optical tomography and topography of the newborn infant brain." in 
Biomedical Optics 2006 Technical Digest (Optical Society of America, 
Washington, DC, 2006), SH41. ISBN: 1-55752-807-1 
Another publication where I was among the authors: 
Austin, T., Gibson, A.P., Branco, G., Yusof, R.Md., Arridge, S.R., Meek, 
J.H., Wyatt, J.S., Delpy, D.T., and Hebden, J.C. (2006) Three 
dimensional optical imaging of blood volume and oxygenation in the 
neonatal brain. Neurolmage, 31,1426-1433. 
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